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VABSTRACT
Siderophile elements such as Co, Ni, Ge, Sn, Cu, Ga, As, Cr and V are 
depleted in the terrestrial and lunar mantles compared to their C1 
abundances. The Earth's siderophile element signature was established 
uniquely by complex processes associated with its core-formation. The 
partitioning of Fe, Ni, Co between Mg-rich olivine, lunar basaltic magmas 
and metal has been experimentally investigated over a range of temperatures 
and pressures. The results are compared to those based on thermodynamic 
calculations. In general the agreement is good. The results have been 
applied to Apollo 15 Green Glass, presumed to approximate a primitive melt 
from the lunar mantle, so as to deduce the composition of the Fe-Ni-Co metal 
phase in equilibrium with the lunar mantle. It is found that the this 
composition is approximately (by weight) 54-60$ Fe, 38-43$ Ni and 1$ Co. 
Accordingly if metal has separated from the lunar mantle under equilibrium 
conditions to form a small lunar core, this core will be nickel-rich, with a
Ni/Fe ratio of -0.7 ±0.15. Co abundances are very similar in terrestrial
ocean-floor tholeiites and lunar low-Ti mare basalts. Utilizing the 
partition coefficients derived from the present investigations the Co 
abundances of lunar and terrestrial mantles are shown to be similar. 
Theoretical, experimental and geochemical studies imply that the Ni/Co ratio 
of the bulk Moon is close to the chondritic ratio. Moreover, the 
terrestrial Ni/Co ratio is known to be very similar to the chondritic ratio. 
Consequently, if the bulk Co content of the Moon is similar to that of the 
Earth's mantle, the Ni content of the bulk Moon should be very similar, too. 
However, experimental measurements of partitions of Ni between olivine and 
primitive lunar glasses show that Ni is depleted by a factor of 3.5 compared 
to the terrestrial mantle. This can be reconciled if the Moon contains a 
small, nickel-rich metallic core of the composition given above. The
presence of a small metallic core is also supported by observations of the
patterns of other involatile siderophile elements in the Moon.
Crystal/liquid partition coefficients for Cr, V, Mn and Fe have been 
determined experimentally between olivine, orthopyroxene, clinopyroxene and 
silicate melt possessing the composition of a primitive lunar green glass, 
at oxygen fugacities appropriate to the lunar interior. These species all 
behave essentially as compatible elements and possess crystal/liquid 
partition coefficients mostly between 0.3 and 0.9. Partition coefficients 
for Cr, V and Mn are generally similar to those of Fe. This implies that
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c r y s t a l / l i q u i d  f r a c t i o n a t i o n  p ro ces s e s  in  th e  l u n a r  i n t e r i o r  which do no t  
invo lve  p a r t i c i p a t i o n  of  s p i n e l s  would no t  have been e f f e c t i v e  f r a c t i o n a t i n g  
MnO, CrO and VO from FeO. The well-known c o n s ta n c y  of  FeO/MnO r a t i o s  in  
n e a r l y  a l l  l u n a r  rocks  i s  a r e f l e c t i o n  of  t h i s  b e h av io u r .  I t  i s  shown t h a t  
comparably s t r o n g  c o r r e l a t i o n s  between CrO-FeO and VO-FeO e x i s t  f o r  l u n a r  
h igh land  b r e c c i a s  and s o i l s  from a l l  s i t e s  and t h a t  t h e s e  c o r r e l a t i o n s  
ex tend  t o  p r i m i t i v e  l u n a r  v o l c a n i c  g l a s s e s  a s s o c i a t e d  w i th  mare vo lcan ism,  
s t r o n g l y  s u g g e s t in g  t h a t  th e  CrO/FeO and VO/FeO r a t i o s  so  d e r iv e d  a r e  of  
g lo b a l  im por tance .  The observed  r a t i o s  c h a r a c t e r i z i n g  " d i f f e r e n t i a t e d "  
r e g io n s  of th e  Moon can be combined w i th  t h e  c o r r e s p o n d in g  r a t i o s  f o r  
r e s i d u a l  r e f r a c t o r y  p o r t i o n s  of the  Moon, u s in g  measured p a r t i t i o n  
c o e f f i c i e n t s  f o r  Fe,  Mg, Cr,  V, Mn between o l i v i n e ,  'or thopyroxene  and 
l i q u i d .  Bulk l u n a r  abundances f o r  Cr and V have been c a l c u l a t e d  f o r  a range  
of  r e a s o n a b l e  assumptions  conce rn ing  th e  p e t r o g e n e t i c  r e l a t i o n s h i p s  between 
d i f f e r e n t i a t e d  p o r t i o n s  of  th e  Moon and complementary r e f r a c t o r y  r e s i d u a  
c o n s i s t i n g  o f  o l i v i n e  and or thopyroxene  m i n e r a l o g i e s .  Because of  th e  smal l  
d i f f e r e n c e s  i n  c r y s t a l / l i q u i d  p a r t i t i o n  c o e f f i c i e n t s  between FeO, CrO and 
VO, t h e s e  e s t i m a t e s  a r e  i n s e n s i t i v e  t o  l a r g e  v a r i a t i o n s  in  t h e  models .  The 
bulk Moon i s  a c c o r d in g ly  e s t i m a t e d  t o  c o n t a i n  2190-2463 ppm Cr and 79~95 ppm 
V. These v a lu es  a r e  very  s i m i l a r  t o  t h e  Cr and V c o n t e n t s  of  t h e  E a r t h ’ s 
m a n t le ,  e s t i m a t e d  as 3010 ppm Cr and 81 ppm V.
Germanium, t i n ,  copper ,  g a l l ium  and a r s e n i c  r e p r e s e n t  a group of  
e l em en t s ,  which a r e  s t r o n g l y  d e p l e t e d  in  E a r t h '  m an t le  and even more so in  
th e  l u n a r  m a n t le .  This  appea r  t o  be caused  n o t  on ly  by t h e i r  s i d e r o p h i l e  
n a t u r e  but  a l s o  by t h e i r  v o l a t i l e  beh av io u r .  The v o l a t i l i t y  of  each elemen t 
can be e s t i m a t e d  from n e b u la r  co n d e n s a t io n  t e m p e r a t u r e s  as a f i r s t  
app rox im a t ion .  I f  compared w i th  th e  v o l a t i l i t y  o f  l i t h o p h i l e  e l e m e n t s ,  
a p p r o p r i a t e  c o r r e c t i o n  f a c t o r s  may be o b t a in e d  and abundances  of  Ge, Sn, Cu, 
Ga and As in  th e  l u n a r  p r e c u r s o r  m a t e r i a l  may be c a l c u l a t e d .  As a r e s u l t ,  
v o l a t i l i t y - c o r r e c t e d  Sn,  Cu and Ga abundances i n  p r o t o - l u n a r  m a t e r i a l  a r e  
found t o  be very  s i m i l a r  t o  t h o s e  i n  t h e  E a r t h ' s  m a n t l e .  However, c o r r e c t e d  
Ge and As abundances i n  p r o t o - l u n a r  m a t e r i a l  a r e  s t i l l  d e p l e t e d  as compared 
t o  t e r r e s t r i a l  abundances .  This  can be e x p l a i n e d  by t h e i r  l a r g e  
m e t a l / s i l i c a t e  p a r t i t i o n  c o e f f i c i e n t s  and p ro b a b le  s e g r e g a t i o n  i n  a l u n a r  
m e t a l l i c  phase ,  which formed a smal l  l u n a r  co re  as d i s c u s s e d  above.  Ni,  Co, 
Ge, Sn, Cu, Ga, As, Cr and V abundances in  t h e  s i l i c a t e  m a n t le s  of  E a r th  and 
Moon a r e  s i m i l a r  w i th i n  a f a c t o r  of  two.  This  s t r o n g l y  s u p p o r t s  the  
h y p o th e s i s  wherby l u n a r  m a t e r i a l  was d e r iv e d  ma in ly  from th e  t e r r e s t r i a l  
mantle  s h o r t l y  a f t e r  c o r e - f o r m a t io n  was com ple ted .
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1STUDIES IN SIDEROPHILE ELEMENT GEOCHEMISTRY
INTRODUCTION
Dur ing  o r  soon  a f t e r  t h e  f o r m a t i o n  o f  t h e  E a r t h ,  a l a r g e  m e t a l l i c  c o r e  
composed m a i n ly  o f  i r o n  was fo rm ed .  The c h em ica l  d i f f e r e n t i a t i o n  p r o c e s s  
r e p r e s e n t e d  by t h i s  e v e n t  was by f a r  t h e  most  p r o fo u n d  e x p e r i e n c e d  by t h e  
e a r t h  i n  i t s  e n t i r e  h i s t o r y .  Ana logous ,  m e t a l l i c  c o r e s  a r e  t o  p r e s e n t  i n  
t h e  o t h e r  t e r r e s t r i a l  p l a n e t s  and i n  some m e t e o r i t e  p a r e n t  b o d i e s .  Recen t  
e v i d e n c e  i n d i c a t e s  t h e  p r e s e n c e  o f  a s m a l l  m e t a l l i c  c o r e  i n  t h e  Moon.
S i d e r o p h i l e  e l e m e n t s  a r e  t h o s e  which p r e f e r e n t i a l l y  e n t e r  t h e  m e t a l  
pha se  when m e t a l  and s i l i c a t e s  a r e  c h e m i c a l l y  e q u i l i b r a t e d .  The f o r m a t i o n  
o f  a m e t a l l i c  c o r e  has  a d r a m a t i c  e f f e c t  upon t h e  d i s t r i b u t i o n  o f  
s i d e r o p h i l e  e l e m e n t s  w i t h i n  a p l a n e t a r y  body.  In  c o n s e q u e n c e ,  t h e  
a b unda nce s  o f  s i d e r o p h i l e  e l e m e n t s  r e m a i n i n g  i n  t h e  p l a n e t a r y  m a n t l e  a r e  
g r e a t l y  d e c r e a s e d .  The abundance  p a t t e r n s  o f  t h e  s i d e r o p h i l e  e l e m e n t s  i n  
p l a n e t a r y  m a n t l e s  a r e  c a p a b l e  o f  p r o v i d i n g  v a l u a b l e  i n f o r m a t i o n  on t h e  
c o r e - f o r m a t i o n  p r o c e s s  w i t h i n  t h e  p a r t i c u l a r  p l a n e t a r y  body. For  exam p le ,  
t h e  s i d e r o p h i l e  e l e m e n t  abundances  i n  t h e  m a n t l e  o f  t h e  e u c r i t e  p a r e n t  body 
a r e  i n d i c a t i v e  o f  a c l o s e  a p p ro a c h  t o  c he m ica l  e q u i l i b r i u m  be tw een  m e t a l l i c  
i r o n  and s i l i c a t e s  d u r i n g  s e g r e g a t i o n  o f  i t s  c o r e .  On t h e  o t h e r  h a n d ,  t h e  
a b u n d a n ce s  o f  s i d e r o p h i l e  e l e m e n t s  i n  t h e  m a n t l e  o f  M ars ,  which i s  b e l i e v e d  
t o  be r e p r e s e n t e d  by s h e r g o t t i t e  m e t e o r i t e s  can be l a r g e l y  e x p l a i n e d  by 
s e g r e g a t i o n  o f  a c o r e  c o n s i s t i n g  m a i n ly  o f  an i r o n - s u l f u r  a l l o y  
a p p r o x i m a t e l y  unde r  e q u i l i b r i u m  c o n d i t i o n s .  I n  c o n t r a s t ,  t h e  abundance  
p a t t e r n s  o f  s i d e r o p h i l e  e l e m e n t s  o f  t h e  E a r t h ' s  m a n t l e  a r e  e x t r e m l y  complex ,  
and  p o o r l y  u n d e r s t o o d ,  and  b e a r  l i t t l e  r e s e m b le n c e  t o  e x p e c t a t i o n s  b a s e d  on 
e x i s t i n g  c h e m ic a l  e q u i l i b r i u m  p a r t i t i o n  d a t a  be tween  i r o n  and s i l i c a t e s  o r  
i r o n - s u l f i d e  and s i l i c a t e s .  I t  seems t h a t  t h i s  c o m p l e x i t y  may be c o r r e l a t e d  
i n  some way w i t h  t h e  f a c t  t h a t  t h e  E a r t h  i s  a bou t  10 t im e s  t h e  s i z e  o f  Mars
2and its accretion and core-formation has been much more complex. Factors 
which may have influenced the distribution of siderophile elements in the 
Earth include:
(i) The pressure-temperature regime within the Earth extends to about 
5000°C and MOO GPa. These high pressures and temperatures may well 
have considerably altered the effective metal/silicate partition 
coefficients of siderophile elements, as compared to values 
measured in the laboratory under relatively low pressures and 
temperatures.
(ii) It is known that the Earth's core contains abbout 10 percent of a 
light element, which has variously been claimed to consist of 
oxygen, sulfur, silicon, hydrogen (or mixtures of these elements). 
The presence of these may have influenced siderophile metal/ 
silicate distribution coefficients significantly.
(iii ) Segregation of metal into the Earth core may not have occurred 
under conditions of thermodynamic equilibrium.
(iv) According to some hypotheses, an oxidized condensate from the solar 
nebula was accreted by the Earth after the core formed and was 
physically mixed into the Earth's mantle by convection processes.
Because of the apparent complexity of the core-formation process in the 
Earth it is believed that the siderophile element signature of the 
terrestrial mantle is likely to be unique to that planet, or at least, to a 
planet of comparable size, which has experienced these complex processes to 
similar degrees (e.g. Venus).
It is interesting to consider the siderophile element signature of the 
Moon in comparison to these other planetary bodies. As noted above the Moon 
is believed to possess a small core, probably amounting to less than two 
percent of its mass. Because of its small size, it seems that 
differentiation and core-formation within the Moon should have been a
relativly simple process occuring under comparatively low pressures and
3t e m p e r a t u r e s .  However, the  s i d e r o p h i l e  s i g n a t u r e  of  the  l u n a r  m an t le  does 
no t  resemble  th o s e  of  e u c r i t e  m e t e o r i t e s  or  s h e r g o t t i t e s  (Mars) .  Some 
workers  have claimed t h a t  th e  l u n a r  s i d e r o p h i l e  s i g n a t u r e  resem ble  t h a t  of  
th e  E a r t h .  Because of  the  un iqueness  a t t r i b u t e d  t o  t h e  s i d e r o p h i l e  e lement  
s i g n a t u r e  of  the  t e r r e s t r i a l  m an t le ,  t h e s e  workers have c la im ed  t h a t  t h e  
l u n a r  s i d e r o p h i l e  element s i g n a t u r e  im p l ie s  t h a t  most of  t h e  m a t e r i a l  in  t h e  
Moon was d e r iv e d  from the  E a r t h ’ s mantle  a f t e r  core  f o rm a t io n .
However, t h i s  i n t e r p r e t a t i o n  has been c r i t i c i z e d  by o t h e r  w orkers  and 
th e  t o p i c  i s  h ig h ly  c o n t r o v e r s i a l .  P a r t  of  the  c o n t ro v e r s y  s tems from th e  
l i m i t e d  d a t a  a v a i l a b l e  on p a r t i t i o n  c o e f f i c i e n t s  of key s i d e r o p h i l e  e l em en t s  
between meta l  and s i l i c a t e s  under a p p r o p r i a t e  redox c o n d i t i o n s .  There a r e  
a l s o  s e r i o u s  in a d e q u a c i e s  i n  our u n d e r s t a n d in g  of  the  geochemical  behav iour  
of  some key s i d e r o p h i l e  e lements  w i th i n  t h e  Moon.
The p r i n c i p a l  o b j e c t i v e  of  r e s e a r c h  d e s c r ib e d  in  t h i s  T h e s i s  has been t o  
o b t a i n  improved measurements of  p a r t i t i o n  c o e f f i c i e n t s  of  key s i d e r o p h i l e  
e l em en ts  between i r o n - r i c h  phases  and s i l i c a t e s ,  in  o r d e r  t o  c o n t r i b u t e  
towards  a r e s o l u t i o n  of  th e  c o n t r o v e r s i e s .  A second o b j e c t i v e  was t o  o b t a i n  
a d d i t i o n a l  d a t a  on th e  geochem is t ry  of  c e r t a i n  s i d e r o p h i l e  e lem en ts  i n  t h e  
l u n a r  m a n t le ,  n o t a b ly  chromium, vanadium, c o b a l t  and n i c k e l ,  u s in g  t h e  
methods of expe r im en ta l  p e t r o l o g y ,  and t h e  p r e - e x i s t i n g  d a t a  base f o r  
abundances of t h e s e  e lements  in  l u n a r  r o c k s .
Elements s e l e c t e d  f o r  expe r im en ta l  i n v e s t i g a t i o n s  of  m e t a l / s i l i c a t e  
p a r t i t i o n  c o e f f i c i e n t s  in  t h i s  T h e s i s  a r e  n i c k e l ,  c o b a l t ,  germanium, copper  
and t i n .  These a r e  a l l  " co m p a t ib le  e lements"  in  t h e  geochemical  s e n s e  as 
d i s t i n c t  from in c o m p a t ib le  s i d e r o p h i l e  e lem en ts  such as  t u n g s t e n ,  molybdenum 
and phosphorus  which have been w e l l - s t u d i e d  by o t h e r  i n v e s t i g a t o r s .  N ickel  
and c o b a l t  a r e  two of  the  b e s t - s t u d i e d  s i d e r o p h i l e  e lem en ts  in  t h e  E a r t h ’ s 
m an t le  and t h e i r  very  h igh  abundances i n  t h i s  p rov ince  have been t h e  s u b j e c t  
of  c o n s i d e r a b l e  geochemical  d i s c u s s i o n .  Nickel  and c o b a l t  a r e  r e l a t i v e l y  
i n v o l a t i l e  e lements  in  t h e  s o l a r  nebu la  and a r e  e x s p e c t e d  t o  have been
accreted by the Earth and Moon to a similar extent as iron. According to 
existing data, they also provide a marked contrast in the degree of their 
siderophile behaviour.
Thermodynamic data suggest that germanium, tin and copper are likely to 
possess widely differing siderophile tendencies. However, these elements 
provide an interesting contrast to nickel and cobalt, because they are 
relatively volatile under the condition in which it is believed the Earth 
and Moon may have formed. Accordingly their abundances in the Moon and 
perhaps to some degree in the Earth, may have been influenced by their 
volatility as well as by their siderophile nature.
Chromium and vanadium display significant siderophile behaviour under 
high-temperature and pressure conditions. Both elements have been depleted 
in the Earth's mantle as well as in the Moon. Their terrestrial depletions 
may be explained by partial entry into the outer core under high P,T 
conditions. However, this explanation cannot be applied in the casae of the 
Moon. Partitioning studies of these two elements between a primitive lunar 
basaltic liquid and its liquidus olivine coupled with partition coefficients 
determined between residual solid silicate phases such as orthopyroxene and 
clinopyroxene have been used to provide reliable estimates of chromium and 
vanadium contents in the bulk Moon. These are found to very similar to 
their abundances in the Earth's mantle.
In conclusion, the siderophile elements studied in this Thesis encompass 
a wide range of siderophile, as well as other geochemical and cosmochemical 
properties. The distribution coefficients derived either from metal/ 
silicate or solid/liquid silicate partitioning experiments may provide 
important parameters in reconciling current hypotheses of lunar origin.
5CHAPTER 1: The Partitioning Between Olivine, Metal and Basaltic Liquid: an 
Experimental and Thermodynamic Investigation with Application to the
Composition of the Lunar Core
1.1 Introduction
One of the most fundamental of the processes involved in the evolution 
of the Earth is the separation of metal from silicate to form the core and 
the mantle. Metallic cores are also thought to occur in the other 
terrestrial planets, some meteorite parent bodies, and possibly in the Moon 
as well (Newsom, 1984). The evidence for this is largely geophysical, 
although from a geochemical standpoint an iron-rich metallic core is also 
necessary in order to reconcile the chemical composition of the mantle (or 
at least that part of it which is sufficiently accessible for a detailed 
chemistry to be known) with that of a bulk earth with solar (or chondritic) 
elemental abundances (allowing for a loss of volatile elements). However, 
as long ago as 1966, Ringwood (1966) pointed out that for the Earth the 
observed mantle abundances of those elements which are expected to follow 
iron into the metallic phase (i.e. the siderophile elements) are mostly far 
greater than would be expected from a consideration of their equilibrium 
partitioning between silicate and metal. A number of explanations have been 
proposed to account for this phenomenon, including the influence of the 
great pressure that appertains at depths in the Earth (Ringwood, 1966), or 
the effect of sulphur (Arculus and Delano, 1981; Brett, 1984) , or of oxygen 
dissolved in the metal at high temperatures and pressures (McCammon et al., 
1983). Due to the lack of accurate data these explanations are somewhat 
speculative, and therefore, for the Earth, the problem of siderophile 
element abundances remains essentially unsolved. It is nevertheless a 
problem of great importance, bearing as it does on such questions as how the 
Earth accreted, at what stage did the metallic core separate, and what
6indeed  i s  (or  a r e )  th e  l i g h t  element (or  e lem en ts )  r e q u i r e d  in  t h e  co re  by 
th e  g eophys ica l  ev id en ce .
Whatever th e  cause  of  the  s i d e r o p h i l e  element p a t t e r n  i n  th e  E a r t h ,  th e  
very f a c t  t h a t  i t  i s  anomalous p robab ly  means t h a t  i t s  o r i g i n  i s  due t o  
phys ico -chem ica l  c o n d i t i o n s  t h a t  a r e  unique to  th e  Ear th ;  t h i s  has  been 
used by Ringwood ( e . g .  Ringwood 1959, 1966, 1979, 1986) t o  argue  t h a t  t h e  
Moon, which appea rs  t o  have a somewhat s i m i l a r  p a t t e r n  (Ringwood and Kesson,  
1977),  was formed in  some manner from the  E a r th  a f t e r  th e  s e p a r a t i o n  o f  th e  
l a t t e r ’ s c o r e ,  perhaps  as a r e s u l t  of the  c o l l i s i o n  of  a M a r s - s i z e d
p r o t o - p l a n e t , as  seems t o  be r e q u i r e d  from c o n s i d e r a t i o n s  of  t h e  a n g u la r  
momentum of the  Earth-Moon system (Cameron, 1985).  However, i t  i s  now
thought l i k e l y  t h a t  th e  Moon i t s e l f  has a smal l  m e t a l l i c  co re  (Newsom,
1984),  which would be ex p ec ted  t o  c o n c e n t r a t e  s i d e r o p h i l e  e l e m e n t s ,  and 
would t h e r e f o r e  have a s i g n i f i c a n t  i n f l u e n c e  on th e  t o t a l  l u n a r  abundance o f  
the  s i d e r o p h i l e  e l em en t s .  The s i z e  o f  t h i s  c o re ,  which from g e o p h y s ic a l  
e v id en ce ,  i s  l i m i t e d  t o  l e s s  than  2% o f  th e  t o t a l  mass of  th e  Moon (Nakamura 
e t  a l . ,  1976),  i s  so smal l  t h a t  i t  cannot  account  f o r  th e  t o t a l  s i d e r o p h i l e  
element d e p l e t i o n  i n  th e  Moon; s in c e  i t  must have formed a f t e r  t h e  Moon had 
s e p a r a t e d  from the  E a r t h ,  g r e a t  p r e s s u r e s  cannot  have had an i n f l u e n c e  on 
i t s  ch em is t ry  ( th e  p r e s s u r e  a t  the  c e n t r e  o f  the  Moon i s  o n ly  ~5 GPa),  and 
t h e r e f o r e  most  of the  p r o c e s s e s  s u g g e s te d  t o  be r e s p o n s i b l e  f o r  th e
anomalous p a t t e r n  of  s i d e r o p h i l e  e l em en ts  i n  th e  E a r th  a r e  u n l i k e l y  t o  have 
o p e r a t e d .  Also th e  ex t rem ely  low l e v e l s  of  v o l a t i l e  e lements  i n  t h e  Moon 
s u g g e s t s  t h a t  s u lphu r  cannot  have been p r e s e n t  a t  anywhere n ea r  s u f f i c i e n t  
l e v e l s  t o  have any in f l u e n c e  e i t h e r  (Ringwood and Kesson,  1977).  I t  
t h e r e f o r e  seems l i k e l y  t h a t  t h e  Moon’ s c o re  formed by th e  s e p a r a t i o n  o f  
meta l  from th e  s i l i c a t e  o f  th e  l u n a r  m a n t le  under e q u i l i b r i u m  c o n d i t i o n s  a t  
e x p e r i m e n t a l l y  a c c e s s i b l e  p r e s s u r e s  i n  a  s im ple  v o l a t i l e - f r e e  sys tem.
The pr im ary purpose of  th e  f o l l o w i n g  expe r im en ta l  s tu d y  i s  t o  
i n v e s t i g a t e  t h e s e  c o n d i t i o n s ,  and t o  de te rm ine  the  com pos i t ion  of  t h e  l u n a r
7core  so t h a t  the  bulk chemical composit ion of the  Moon may be e s t im a te d ,  fo r  
the  important s id e r o p h i l e  elements i r o n ,  n icke l  and coba l t  (see Chapter 2 ) .  
I ron  i s  the  most abundant of the  s id e r o p h i l e  elements in  the  s o l a r  system 
(Anders and Ebihara ,  1982), followed by n ic k e l ,  and toge the r  th e s e  two 
elements a re  expected to  comprise most of the m e ta l l i c  phase a s ,  fo r  
example, they do in  the  m e ta l -bear ing  m e te o r i t e s .  All th ree  e lements  (Fe, 
Ni and Co) a re  a l so  "compatib le" ,  which means t h a t  they s u b s t i t u t e  r e a d i l y  
i n to  the s t r u c t u r e s  of the  common rock-forming phases of p lane ta ry  m an t les ,  
the  p r in c ip a l  one of which, a t  low to  moderate p re s su re s ,  i s  o l i v i n e ,  
predominantly (Mg,Fe2+)2SiCU. Hence the  essence of the m e t a l - s i l i c a t e  
e q u i l i b r i a  may be desc r ibed  by the p a r t i t i o n i n g  behaviour of Fe, Ni and Co 
between o l i v i n e  and meta l .  This equ i l ib r ium  i s ,  as mentioned e a r l i e r ,  one 
of widespread importance to  the  chemical evo lu t ion  of o ther  bodies in  the  
s o l a r  system. For example, metal e x t r a c t i o n  has been p o s tu la t ed  as  being 
impor tant in  the  ev o lu t io n  of the  e u c r i t e  parent body (e .g .  Newsom, 1985),  
so t h a t  accu ra te  p a r t i t i o n i n g  fo r  Fe,  Ni and Co da ta  may be used t o  a s s e s s  
the  e x ten t  of such e x t r a c t i o n ,  and the  thermodynamic cond i t ions  under which 
i t  occurred .  Furthermore,  the  e q u i l i b r i a  a re  s e n s i t i v e  to  tem pera tu re ,  and 
hence may be in v e r te d  to  y ie ld  a cosmothermometer f o r  c a l c u l a t i n g  
e q u i l i b r a t i o n  temperatures  between o l i v i n e  and metal in many c l a s s e s  of 
m e te o r i t e s  (c f .  Buseck and G o lds te in ,  1969). Such an a p p l i c a t i o n  w i l l  be 
p resen ted  in t h i s  Chapter fo r  the  p a l l a s i t e  m e te o r i t e s ,  whose f i n a l  
e q u i l i b r a t i o n  temperatures  may be independently  es t imated  from cool ing  
r a t e / d i f f u s i o n  s t u d i e s ,  and which t h e r e f o r e  provide an e x c e l l e n t  check on 
any fo rmula t ion  of the  p a r t i t i o n i n g  equ i l ib r ium  a t  tempera tures  cons ide rab ly  
lower than those  a c c e s s ib l e  by exper iment.  A thorough study of  the  Fe-Ni-Co 
o l iv in e -m e ta l  e q u i l i b r i a  has t h e r e f o r e  been a t tempted.  The thermodynamic 
b a s i s  of the  e q u i l i b r i a  i s  p re sen ted ,  and the  a v a i l a b l e  thermodynamic d a ta  
a re  a ssessed .  An ex tens ive  s e r i e s  of reversed  exper iments has been 
undertaken ,  and the se  a re  then compared with the  r e s u l t s  from the
8thermodynamic c a l c u l a t i o n s .  The r e s u l t s  a r e  a p p l i e d  t o  t h e  d e t e r m i n a t i o n  o f  
the  com pos i t ion  o f  meta l  in  e q u i l i b r i u m  wi th  o l i v i n e  from th e  l u n a r  m a n t le .
As th e  l u n a r  mantle  has not  been d i r e c t l y  sampled,  t h i s  s tu d y  a l s o  
u n d e r ta k e s  the  d e t e r m in a t io n  of  th e  l i k e l y  Fe,  Ni and Co c o n t e n t  of  o l i v i n e  
from the  l u n a r  mantle  by measuring  th e  com pos i t ion  of  o l i v i n e  on t h e  
l i q u i d u s  of  a l u n a r  b a s a l t  (Apollo 14B Green G l a s s ) ,  which i s  thought t o  
approxim ate  t o  a p r i m i t i v e  me l t  (Delano and L i v i , 1981).
91.2 Theoretical Background
The partitioning of Ni and Co between Fe-rich metal and coexisting 
olivine (predominantly (Mg,Fe)2Si04) may be represented by the exchange 
reactions :
Ni2SiO- + 2Fe $ Fe2SiO 4 + 2Ni (1)
Co2SiOi, + 2Fe $ F e2SiO 4 + 2Co (2)
It is to be noted that when written in this way, the partitioning reactions 
are independent of oxygen fugacity. At equilibrium and zero pressure the 
Gibbs free energies of these reactions are related to the equilibrium 
constant, K°-*-~me^, through :
ol-metln K = ~AG°(q -^p)/RT
By definition the equilibrium constant is given by :
ol
(3)
rol-met
, met.2
aFe > M 2SiO- (4)
met x 2
(aM ) * aFe2SiO-
where M refers to Ni or Co, and a^ is the activity of component i in phase 
p. These activities may be related to the mole fractions of the various
species in either olivine or metal (X^) through the use of activity
coefficients, yf, which are defined such that :
ol
2S iO 4 = (X01 M M (5)
ol
aFe2Si04 - « F e * ^Fe)2 (6)
met ..met met (7)"m
it
ym
met met met (8)cL__Fe — A_Fe YFe
For the olivines the activity is taken to be proportional to the square 
of the mole fraction since mixing of the cation species occurs on two sites
per formula unit (e.g. Wood and Fraser, 1976).
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Substituting relations (M) and (5) - (8) into (3) and rearranging one 
obtains:
, „ol-met lnKD ‘zAG0(o,T)/RT ln
Ymet Y.ol
met
(9)
where KD , the distribution coefficient, is defined as:
,met rol
met ol
* XFe M
(10)
It may be seen from equation (9) that in order to calculate Kp as a 
function of temperature, it is necessary to know, also as a function of 
temperature, not only AG°(o }t ) for botb reactions, but also the activity 
coefficients of Fe2Si0i*, Ni2Si04 and Co2SiO., in Mg-rich olivines, together 
with the activity coefficients of Fe, Ni and Co in the ternary metal system. 
Furthermore, these activity coefficients are a function of composition. 
However the compositional range of interest is such that in the olivine
X$g > Xpg >> >^\, Xq0q , (the latter two being present only in trace amounts) 
and hence the activities of the Fe, Ni and Co components may be expected to
be independent of X^i and Xqq1 (Henry’s Law), and dependent only on the Mg/Fe 
ratio. Similarly the metal phase may be treated as essentially a binary 
solution of Fe and Ni containing trace amounts of Co, and therefore the 
activities of Fe, Ni and Co will depend only on the Fe/Ni ratio.
The effect of pressure on the distribution coefficient may be evaluated 
from the pressure dependence of a) the free energy of the exchange reaction, 
and b) the activity coefficients. These are given by:
and
AG(P,T) AG(0,T)+ Jq AV(P,T)dP
P —
lnY^ * = lnY^ + f Vex dPl(P,T) 1(0,T) JQ V(P,T)flP
(1 1 )
(12)
Thus an accurate calculation would require the knowledge of not only the 
molar volumes of the end-member components of reactions (1) and (2) as a 
function of temperature and pressure, but also of the excess volumes of 
mixing in the metal alloys and the olivine solutions. Such data are usually 
not all available, and therefore some simplifying approximations must of 
necessity be made.
The available thermodynamic data for these quantities will now be 
assessed.
1.3 Thermodynamic Data
1.3.1 Gibbs Free Energy of the Exchange Reactions
AG°(o ,t ) f°r the two exchange reactions may be calculated by combining 
the experimental data on the reactions:
Fe2Si0n = 2Fe + Si02 + 0 N (13)
Ni2Si04 = 2Ni + Si02 + 0 2 (14)
Co2Si0k 11 rv> 0 0 + Si02 + o2 (15)
which have recently been redetermined to a very high degree of accuracy 
(i.e. to about ± 200 Jmol"1) using an e.m.f. technique (O’Neill; 1987a, 
1987b). The results of these studies are in excellent agreement with the 
available calorimetric data for Fe2SiO* and Co2SiO.* (Robie et al. 1982,' 
1984), but only in fair agreement for Ni2Si0i, (Robie et al. 1984); for this 
latter substance an additional constraint on its thermodynamic properties 
comes from the observed breakdown of Ni2Si0i, to NiO + Si02 at 1820K 
(O'Neill, 1987b, Phillips et al., 1963). However, since for Fe2SiO<* and 
Co2Si0 4 , the e.m.f. studies extend only up to -1400K, and the calorimetric 
data to 1000K, considerable extrapolation to the temperature range of this 
study (1433~2033K) is required, which may introduce additional errors.
The free energies of reactions (11) to (13) have been taken directly 
from the equations given in O’Neill (1987a, 1987b), and are (in Jmol~l):
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AG°(0|t) (13) = -602739 + 369.704 T - 27.344 TlnT (1184-1420K)
AG°(0,t ) (14) - -516690 + 362.970 T - 22.297 TlnT ( 960-1820K)
ag°(0,T) (15) =-491141 + 122.815 T + 3.558 TlnT ( 960-1820K)
Note that the equation for reaction (13) is for Fe in the Y (face 
centred cubic) phase.
These values give for the free energy of the two exchange reactions (in 
Jmol~1):
Ag°(0,T) (1) (s) = -86049 + 6.734 T - 5.047 TlnT
AG°(0>T) (2) (s) = -111598 + 246.885 T - 30.901 TlnT
with an uncertainty up to 1400K of approximately ± 200 Jmol-1. For metal in 
the liquid state these equations have been amended by deriving free energies 
for the melting reactions for Fe(Y), Ni and Co from the data tabulated in 
Pankratz (1982), to give (in Jrnol-1).
ag°(0,T) (D (D = -69079 - 53-444 T + 1.616 TlnT
aG°(0,T) (2) (1) = -79801 + 102.183 T - 13-544 TlnT
1.3.2 Activity Coefficients in the Metal Phase
Activity-composition relations in the Fe-Ni binary have been
experimentally measured a number of times, both for solid (face centered 
cubic) and liquid alloys, using a variety of techniques. Kubaschewski et 
al., (1977) have reviewed the earlier results, and selected best values. 
These were presented in a tabular form. More recent work, using Knudsen 
cell mass-spectrometry, has been reported by Rammensee and Fraser (1981), 
Tomiska (1985) and Tomiska and Neckel (1985).
All these studies are in moderately good agreement, and show that the 
Fe-Ni system exhibits substantial negative deviations from ideality over 
most of the compositional range. For the purpose of calculating the Fe-Ni 
distribution coefficient between olivine and metal, it is the logarithm of
the ratio of the activity coefficients, ln(Y^ft/Yp|t), which is the required 
quantity (see equation (9)). This quantity has been plotted against xjSf^in
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F ig u re s  1 and 2, f o r  t h e  l i q u i d  a l l o y s  a t  1873K and th e  s o l i d  a l l o y s  a t  
1473K r e s p e c t i v e l y ,  f o r  th e  t h r e e  s t u d i e s  ment ioned  above.  I t  may be seen  
t h a t  the  agreement between th e  t h r e e  s t u d i e s  i s  w i t h i n  a p p ro x im a te ly  0 . 2  in
l n ( y ^ j f ) over most of  the  c o m p o s i t io n a l  r a n g e ,  but  become somewhat
l a r g e r  a t  th e  ex tremes  of  com pos i t ion  ( i . e .  as  Xpg^-» q or  Xpg^ -»- i ) .  i n
metp a r t i c u l a r  Ype r a t h e r  poo r ly  c o n s t r a i n e d  a t  very  n i c k e l - r i c h
co m p o s i t io n s .  I t  i s  worth n o t i n g  t h a t ,  a t  1473K, ln(T{Jft / Y p | t ) changes from
-+1 .3  a t  X p | t = 0 to  —0.5  a t  Xp@t = 1; c o n s e q u e n t ly ,  as  may be seen  from
e q u a t io n  ( 9) ,  l n K ^ p l ^ i ) i s  expec ted  t o  vary  by n e a r l y  two n a t u r a l  
l o g a r i th m  u n i t s  a t  c o n s t a n t  t e m p e ra tu r e  and p r e s s u r e  s o l e l y  from th e  e f f e c t s  
of  n o n - i d e a l i t y  in  t h e  Fe-Ni a l l o y .
The Fe-Co system has been l e s s  e x t e n s i v e l y  s t u d i e d  tha n  t h e  Fe-Ni 
system,  and t h e r e  i s  a l s o  c o n s i d e r a b l e  d i sag ree m en t  among t h e  r e p o r t e d  
a c t i v i t y - c o m p o s i t i o n  r e l a t i o n s .  This  i s  i l l u s t r a t e d  i n  F ig u re s  3 and 4,
where I h CYqq^ / ^ F e^ ) has been p l o t t e d  a g a i n s t  X p ^ f o r  t h e  a v a i l a b l e  s t u d i e s .  
In  t h e  l i q u i d  a l l o y s ,  Rammensee and F r a s e r  (1981) found n e g a t i v e  d e v i a t i o n s
from i d e a l i t y  a t  most co m p o s i t io n s ,  a l th o u g h  lnYcotwas found t o  be s l i g h t l y
p o s i t i v e  as Xqq^^  0; whereas B e l ton  and Fruehan  (1967) obse rved  p o s i t i v e  
d e v i a t i o n s  th roughou t  t h e  com p o s i t io n a l  r a n g e .
Since  th e  e x p e r im en ta l  work of  Rammensee and F r a s e r  (1981) c o v e r s  both  
th e  Fe-Ni and Fe-Co sys tem s ,  and a l s o  both  t h e  s o l i d  and t h e  l i q u i d  phases  
in  th e  system,  t h e i r  r e s u l t s  were t h e r e f o r e  been p r o v i s i o n a l l y  a dop ted  f o r  
th e  sake of  c o n s i s t e n c y .  However, as  t h e s e  r e s u l t s  a r e  on ly  g iv e n  in  
t a b u l a r  form, a t  two t e m p e ra tu r e s  (1473K and 1873K), t h e i r  a c t i v i t y  
c o e f f i c i e n t s  were t h e r e f o r e  assumed t o  be independen t  of  t e m p e r a t u r e ,  and 
th e  a c t u a l  com pos i t ions  r e q u i r e d  were o b t a i n e d  by g r a p h i c a l  i n t e r p o l a t i o n .
The on ly  d a t a  a v a i l a b l e  f o r  th e  t e r n a r y  Fe-Ni—Co sys tem ,  from which the  
a c t v i t y  c o e f f i c i e n t  of Co may be o b ta in e d  as  a f u n c t i o n  o f  F e /N i ,  a r e  t h o s e
1873 K 
liquid
K et al
w nne t
*Fe
Figure 1: lntY^i /Yjre ) vs* xFe at 1873K. B&F: Belton and Fruehan (1967);
K et al.: Kubaschewski et al. (1977); R&F: Rammensee and Fraser 
(1981); T: Tomiska (1985). All studies agree within 0.2 in
lntYNi^/^Fe^) over the entire range.
1473 K 
solidK et al
ymet
*Fe
Figure 2: 1 n(Y^ j^ /Ypg ) vs. Xp| at 1^ 73^ . K et al.: Kubaschewski et al.
(1977); R&F: Rammensee and Fraser (1981); T&N: Tomiska and Neckel 
(1985). Note the increasing disagreement between these studies as
vmet 
xFe + 0 or 1
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of Fraser and Rammensee (1982), along one join with Fe:Ni = 9:1. These data
show that at this Fe:Ni ratio, and at low Co concentrations, Vq^  becomes 
slightly more positive than in the pure Fe-Co binary. This result is 
somewhat surprising, as the available data for the Co-Ni binary (Hultgren et 
al., 1973; Tomiska et al., 1979) show ideality or small negative deviations 
from ideality, and therefore simple models for extrapolating binary data 
into ternary systems, such as that of Kohler (I960), would predict the
opposite effect. Thus an important feature of the work presented in this 
Chapter will be to study the effect of lower Fe:Ni ratios on the activity 
coefficient of Co.
1.3.3 Activity Coefficients in Olivine
The importance of the Mg2Si0it-Fe2Si0i, binary to many problems in
petrology has resulted in a number of studies on the mixing properties of
this solution. The results show some scatter, although most studies give
small to moderate positive deviations from ideality over the entire 
compositional range. The parameters adopted for this study are those which 
were recommended by Kawasaki and Matsui (1983) from a thorough appraisal of 
the partitioning reactions involving Mg and Fe2+ between olivine, 
orthopyroxene, and garnet solutions; they found that Mg,Fe olivines could be 
described by a simple regular solution, with an interaction parameter
wMg-Fe = 6.28 ±0.33 kJmol~x.
Experimental data on the Mg2SiCK~Ni2SiCU and Mg2SiCU-Co2SiO., binaries
may also be described by a regular solution model, with W^g-Ni = 0.35 ± 1.0
kJmol-1 and W^-co = 1.37 ± 0.9 kJmol-1 (Chapter 5). Activity coefficients 
in the Fe2SiCK-Co2SiO., binary have been measured by Masse et al. (1966), 
from the compositions of coexisting olivine and metal at known oxygen 
fugacity. Re-evaluation of the data derived in Chapter 5 using the activity 
-composition relationships of Rammensee and Fraser (1982) for Co-Fe alloys,
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Figure  3: ln(Yco /YFe ) v s * xFe a t  1873K. B&F: Belton and Fruehan
(1967); H e t  a l . :  Hultgren  e t  a l . (1973); R&F: Rammensee and Fraser  
(1981). There i s  much poorer agreement than fo r  Ni-Fe l i q u i d  
a l l o y s .
1473 K 
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Figure M: ln(YQ0 /Ype ) vs .  Xpe a t  1H73K. V e t  a l . :  Vres ta l  e t  a l . (1976);
R&F: Rammensee and F rase r  (1981).  Note in  p a r t i c u l a r  the  d i f f e r e n c e
between the  two s tu d i e s  as X p e ^  1 •
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which are adopted in this Chapter, gives W^g-co = 3.0 ± 1.8 kJmol-1 . This 
value is very similar to that for the Mg2Si04-Co2Si04 system. There are no. 
data for the Fe2Si0 .*-Ni2Si04 binary, and therefore, by analogy with the Co­
systems, as a first approximation it was assumed tha£ wFe-Ni i-s eQual to
rolwMg-Ni• F°r the Multicomponent system, since Ni and Co will only be present
in trace amounts, and assuming that W^e-Co = W$g_Q0 and that Wpe_N i = W$g-Ni 
, the regular solution model gives (cf. Ganguly and Kennedy, 1974):
RT1<  ■ WFe-Mg (1-XFe)2
RTlny
RTlnY
ol
Ni
ol
Co
WM X M- ^ M 1 + Xr1)2 ~ WM X p (XM X X?1)g-Ni g Fe g-Fe g Fe
w®1 (X/?1 + Xp1)2 - w°xMg-Co Mg Fe Mg-Fe (XM°g XF0le }
(16)
(17)
(18)
wMg-Fe was obtained from experiments in the range 900-1400°C, and W^g-j^i
and wfjg-co at 927°C and 1300°C. While all three W 01 parameters are, within 
the experimental accuracy of the methods used to obtain them, apparently 
independent of temperature within these temperature ranges, any 
extrapolation to substantially higher or lower temperatures will of course 
introduce additional uncertaintes.
1.3.4 Molar Volumes and Partial Molar Volumes
The molar volumes of Fe, Ni and Co metal at 298 K and 1 bar were taken 
from Robie et al. (1978) and those of Fe2SiOi*, Ni2SiO», and Co2Si0i, olivines 
from Deer et al. (1982). These volumes were extrapolated to higher
temperatures using the thermal expansion data given in Touloukian (1967) for 
the metals, and Watanabe (1982) for the olivines. The molar volumes of the 
liquid metals were taken from the density measurements of Watanabe (1971) 
and Watanabe et al. (1971). Since there are incomplete data for the
compressibilities of the various phases at high temperature, the effect of 
compressibility is so small at 3.5 GPa compared to the thermal expansion
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t h a t  i t  has been ig n o re d ,  and th e  fo l l o w in g  approx im at ion  has been used:
l AV(P.T> dP ■ i V ( 0 , T ) - P (19)
The c a l c u l a t e d  v a lues  of  AV°(o >t )P//r T th e  p r e s s u r e s  and t e m p e r a t u r e s  of  
a l l  exper im en ts  a r e  l i s t e d  in  Table  1 f o r  both r e a c t i o n s .
Table  1: P r e s s u r e  c o r r e c t i o n  te rms f o r  th e  exchange of  Ni and Fe and 
Co and Fe between o l i v i n e  and meta l  a t  th e  p r e s s u r e  and 
t e m p era tu re  c o n d i t i o n s  of  th e  ex p e r im en ta l  runs
P
I
0
T(°C) P(GPa) Ni-Fe Co-Fe
1760 3.5 0.337
o■=ro
1600 3.5 0.355 0.150
1 k20 0.5 0.053 0.020
1260 0 .5 0.058 0.021
Molar volumes of  mixing of  Ni-Mg and Co-Mg o l i v i n e  s o l u t i o n s  have been 
measured by Matsui and Syono (1968) .  Both s o l u t i o n s  show sm a l l  p o s i t i v e  
d e v i a t i o n s  from Vegard’ s Law. S ince  t h e s e  d e v i a t i o n s  a r e  ex p ec ted  t o  depend 
on th e  i n t r a c r y s t a l l i n e  c a t i o n  o r d e r i n g  i n  o l i v i n e s ,  and a r e  anyway s m a l l ,  
th e y  have been ig n o re d .  The p o s i t i v e  d e v i a t i o n s  from i d e a l i t y  shown by th e  
Mg2SiCU-Fe2 Si(K b in a ry  a r e  s i g n i f i c a n t l y  l a r g e r ,  and t h e r e f o r e  t h e  va lue  
adopted  by Kawasaki and Matsui  (1983) f o r  th e  p r e s s u r e  dependance o f  the  
i n t e r a c t i o n  paramete r  (67 J  GPa- 1 ) has  been used .
Volumes of  mixing in  t h e  meta l  have been assumed t o  be i d e a l .  This  
s i m p l i f y i n g  assumption  i s  not  c o r r e c t  i n  d e t a i l ,  as  e x t e n s i v e  X-ray  work on 
th e  Fe-Ni system (summarized in  Kaufman and Ringwood, 1961) c l e a r l y  shows.  
At room te m p e ra tu r e ,  Fe-Ni a l l o y s  show l a r g e  p o s i t i v e  ex ce ss  volumes of  
mixing,  which,  however,  become very  much l e s s  w i th  i n c r e a s i n g  t e m p e r a t u r e .  
While t h e r e  i s  no d a t a  a t  th e  t e m p e ra tu r e s  of  i n t e r e s t  t o  t h i s  s t u d y ,  th e  
e q u a t io n s  f o r  th e  volumes of  mixing of  Kaufman and Ringwood (1961) ,  i f  
e x t r a p o l a t e d  t o  -1500K, would s u g g e s t  t h a t  t h e  excess  volumes might  a c t u a l l y
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become n e g a t i v e .  I t  i s  because  of  t h i s  u n c e r t a i n t y  t h a t  t h e  s i m p l i f y i n g  
assumption  o f  i d e a l  behav iour  has been adopted ,  f o r  t h i s  system as w e l l  as  
f o r  the  Fe-Co b in a ry  and Fe-Ni-Co t e r n a r y ,  f o r  which l i t t l e  or  no d a t a  a r e  
a v a i a b l e .
D ens i ty  measurements f o r  Fe-Ni and Fe-Co l i q u i d  a l l o y s  (Watanabe e t  a l . ,  
1972; Watanabe,  1971) e x i s t ,  but  t h e s e  a r e  no t  l i k e l y  t o  be very  a c c u r a t e  
due t o  the  problems i n h e r e n t  in  th e  e x p e r im en ta l  method,  and f o r  t h i s  r e a s o n  
as wel l  as  t o  ensu re  i n t e r n a l  c o n s i s t a n c y ,  th e  l i q u i d  a l l o y s  have a l s o  been 
assumed t o  show i d e a l  volumes of  mixing.
These approx im at ions  mean t h a t  th e  c a l c u l a t i o n  of  the  p a r t i t i o n i n g  
c o e f f i c i e n t s  w i l l  become more u n c e r t a i n  w i th  i n c r e a s i n g  p r e s s u r e .
1 . 3 .5  Accuracy of  the  lnKp(pg?M)
The e . m . f .  d a t a  on th e  r e a c t i o n s  (11 ) ,  (12) and (13) a r e  quoted t o  be 
a c c u r a t e  t o  ± 200 J m o l ' 1 a t  t e m p e r a t u r e s  < 1^00K. Hence th e  u n c e r t a i n t y  in  
th e  term ^AG°(0,T)/RT ( s e e  e q u a t io n  (9 ) )  a t  1 ilOOK i s  on ly  ± 0 .0 1 ,  but  w i l l  
become l a r g e r  a t  h ig h e r  t e m p e ra tu r e s  due t o  th e  u n c e r t a i n t y  in  t h e
e x t r a p o l a t i o n .  The e r r o r  in  wj^g-pe Quoted by Kawasaki and Matsui (1983) i s
± 0.33 kJ m o l ' 1 , and th o s e  f o r  W$g_Ni and W^g-co ± 1.0  and ± 0 .9  k J m o l ' 1 
r e s p e c t i v e l y .  Hence f o r  t y p i c a l  o l i v i n e  com pos i t ions  of concern  t o  t h i s
work th e  u n c e r t a i n t y  in  l n ^ p ^ / Y ^ 01 ) i s ,  a t  1*400K, ap p ro x im a te ly  ± 0 . 1 .  
Again t h i s  u n c e r t a i n t y  becomes l a r g e r  a t  h ig h e r  t e m p e ra tu r e s  due t o  
e x t r a p o l a t i o n .  The u n c e r t a i n t i e s  a s s o c i a t e d  wi th  th e  a c t i v i t y - c o m p o s i t i o n  
r e l a t i o n s  in  th e  meta l  a l l o y s  a r e  d i f f i c u l t  t o  a s s e s s  as they  a r e  in  no case  
quoted in  th e  o r i g i n a l  works.  However, t h e  d i f f e r e n c e  between th e  r e s u l t s  
of Rammensee and F r a s e r  (1981) ,  Tomiska ( 1985 ) and Tomiska and Neckel (1985)
f o r  the  Fe-Ni system i s  t y p i c a l l y  ~0.2  in  ln(Yjj i^ ' /Ype^); i f  t h i s  i s  used as
an e s t i m a t e  of  the  u n c e r t a i n t y  i n  ln(Ypj^Ype*') f o r  both  t h e  Fe-Ni and Fe-Co
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a l l o y  s y s tem s ,  then  th e  c a l c u l a t e d  u n c e r t a i n t y  in  lnK^1 met as c a l c u l a t e d  
from the  thermodynamic d a t a  a t  one atmosphere  and t e m p e ra tu r e s  nea r  t o  
1400-1500K i s  app rox im ate ly  ± 0 .2 5 .  However th e  accuracy  o f  th e  a c t i v i t y  
measurements in  th e  a l l o y  systems depends h e a v i l y  on the  com pos i t ion  o f  t h e  
a l l o y ,  and t h e r e f o r e  t h i s  u n c e r t a i n t y  may become somewhat l a r g e r  a t  t h e  
ex t remes  of a l l o y  com pos i t ions  ( i . e .  as  Xpe 0 or 1) .  For th e  a l l o y s ,  
measurements of  the  a c t i v i t i e s  ex tend  up t o  very h igh  t e m p e r a t u r e s ,  and 
t h e r e f o r e  no a d d i t i o n a l  u n c e r t a i n t y  i s  i n t ro d u c e d  a t  t e m p e ra tu r e s  above 
1400K.
The u n c e r t a i n t y  in  th e  p r e s s u r e  c o r r e c t i o n  f o r  l n K ^  met cannot  be 
r e l i a b l y  a s s e s s e d  due t o  the  n a t u r e  of  the  approx im at ions  used .  An
u n c e r t a i n t y  i n  l n K ^  me1: r e s u l t s  in  an u n c e r t a i n t y  i n  t h e  s i n g l e  e lement
p a r t i t i o n  c o e f f i c i e n t ,  D01 met= (x{Je t /X$o)» which v a r i e s  a p p r e c i a b l y  w i th
th e  com pos i t ion  of  th e  a l l o y  phase .  The l a r g e s t  u n c e r t a i n t y  i n  DjJi metwould
occur  a t  very  i r o n - r i c h  co m p o s i t io n s ,  where,  f o r  example,  a t  Xp|^= 0 . 9  and
f o r  a t e m p e ra tu r e  1400°C, th e  u n c e r t a i n t y  i n  lnK^1 me^ of ± 0 .25  e s t i m a t e d
above would r e s u l t  i n  an u n c e r t a i n t y  i n  DjJi met of ap p ro x im a te ly  ± 25%, and
s i m i l a r  u n c e r t a i n t i e s  i n  met . This  compares f a v o u r a b l y  t o  t h e  r e s u l t s
p r e v i o u s l y  ach ieved  in  r e v e r s a l  exper iments  f o r  th e  p a r t i t i o n i n g  behav iour
of Ni between s i l i c a t e  l i q u i d s  and m e ta l :  f o r  example Rammensee and Palme
(1982) r e p o r t  Djji = 220-467 and Dq0 = 330-680 a t  1600°C and an oxygen
f u g a c i t y  nea r  th e  i r o n - w ü s t i t e  oxygen b u f f e r .  Thus,  w h i le  t h e  e q u i l i b r i u m
p a r t i t i o n i n g  o f  Fe,  Ni and Co between o l i v i n e  and meta l  may c a l c u l a t e d  from
th e  a v a i l a b l e  thermodynamic d a t a  w i th  some con f ide nce  a t  low t o  modera te
te m p e r a t u r e s  (<1500K), low p r e s s u r e s ,  and c e r t a i n  m e ta l  c o m p o s i t io n s ,  f o r
complete con f idence  i t  was f e l t  n e c e s s a ry  t o  check t h e s e  c a l c u l a t i o n s  by
d i r e c t  ex p e r im en ta l  methods,  p a r t i c u l a r l y  a t  very  h igh  t e m p e r a t u r e s  and h igh  
p r e s s u r e s .
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1.4 Exper imenta l  S t r a t e g y
From th e  thermodynamic d i s c u s s i o n  in  S e c t io n  1.3 i t  w i l l  a p p r e c i a t e d  
t h a t  a thorough u n d e r s t a n d in g  of  the  e q u i l i b r i u m  p a r t i t i o n i n g  behav iour  of  
Ni and Co between meta l  and o l i v i n e  no t  only  r e q u i r e s  the  d e t e r m i n a t i o n  of  
the  e f f e c t s  of  t e m p e ra tu re  and p r e s s u r e  but a l s o  of  th e  bulk  co m p o s i t io n ,  
such as th e  Fe/Ni r a t i o  i n  meta l  and th e  Mg/Fe2+ r a t i o  in  o l i v i n e .  S ince  
t h e  pr imary  purpose of  t h i s  s tudy  i s  t o  de te rmine  th e  com pos i t ion  o f  meta l  
in  e q u i l i b r i u m  with  o l i v i n e  from th e  l u n a r  m a n t le ,  i t  was dec ided  t o  
c o n c e n t r a t e  th e  e x p e r im en ta l  e f f o r t  on bulk com pos i t ions  c l o s e  t o  t h o s e  
a p p r o p r i a t e  f o r  t h i s  a p p l i c a t i o n .  In  a d d i t i o n ,  some p a r t i c u l a r  ex p e r im e n ta l  
d i f f i c u l t i e s  occur ,  which c o n s t r a i n  the  c o n d i t i o n s  under which th e  
p a r t i t i o n i n g  exper im en ts  may be performed.  These d i f f i c u l t i e s  w i l l  now be 
d i s c u s s e d .
F i r s t l y ,  F e - r i c h  meta l  can on ly  be s t a b l e  under co m p a ra t iv ly  low f 0 2 
c o n d i t i o n s .  Any i n c r e a s e  i n  t h e  oxygen c o n te n t  of  the  system cau s es  
o x i d a t i o n  o f  th e  Fe in  t h e  meta l  phase and s u b se q u e n t ly  i n c r e a s e s  t h e  amount 
of Fe2+ in  th e  o l i v i n e :  th us  th e  ch em is t ry  of  th e  phases  w i l l  move away from 
t h a t  a n t i c i p a t e d  f o r  th e  a p p l i c a t i o n  of  th e  r e s u l t s  t o  n a t u r a l  sy s tem s ,  and 
i t  w i l l  a l s o  be im p o ss ib l e  t o  e s t a b l i s h  t r u e  e q u i l i b r i u m .  T h e re fo re  i t  i s  
n e c e s s a r y  t o  choose a ex p e r im e n ta l  ar rangement t h a t  e i t h e r  c o n t r o l s  oxygen 
f u g a c i t y  o r  i s o l a t e s  the  ex p e r im e n ta l  charge from any sou rce  of  o x i d a t i o n .  
Secondly ,  a major d i f f i c u l t y  a r i s e s  w i th  th e  cho ice  of  c r u c i b l e  m a t e r i a l ,  
s i n c e  c o n v e n t i o n a l l y  used p r e c io u s  m e ta l s  such as p la t inum  or
s i l v e r - p a l l a d i u m  w i l l  a l l o y  w i th  th e  F e - r i c h  meta l  phase .  T h i r d l y ,
p r e l i m i n a r y  exper im en ts  on m e t a l - o l i v i n e  m ix tu re s  have shown t h a t  a t  
t e m p e r a t u r e s  below th e  m e l t i n g  p o in t  of  the  meta l  (~1550°C), t h e  ru n  
p r o d u c t s  a r e  smal l  in  g r a i n  s i z e  and bo th  phases  a r e  f i n e l y  in t e rg ro w n .  Th is  
poses a n a l y t i c a l  problems w i th  t h e  e l e c t r o n  m icroprobe .  In o r d e r  t o  o b t a i n  
p a r t i t i o n i n g  d a t a  of  u s e f u l  acc u racy ,  i t  i s  of  the  u tmost  im por tance  t o
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obtain accurate analyses of the trace amounts of Ni and Co in the olivine 
phase. Any secondary fluorescence effects from adjoining alloy would give 
erroneously high abundances of Ni and Co in the olivine, which would result 
in distribution coefficients that are too low.
These difficulties are overcome in two different ways for the higher and 
lower temperature ranges which were studied. At lower temperatures (1420°C 
and 1260°C) a flux in form of a silicate liquid known to be in equilibrium 
with olivine was added to the system and the metal phase of interest (Fe-Ni 
and Fe-Ni-Co alloys) was used as the crucible material. The actual silicate 
liquid used was the Apollo 14B Green Glass having the highest MgO content of 
Green Glasses found by Delano and Livi (1981). So as to preserve a high 
liquid to olivine ratio, this composition was modified for the 1260°C 
experimental runs by the removal of some olivine. The choice of this 
particular lunar composition was made so as to investigate the geochemistry 
of Ni and Co in the Moon, as will be discussed in Section 1.8 and Chapter 2.
Preliminary experiments to equilibrate these metal-olivine-silicate 
liquid mixtures at one atmosphere in a C0/C02 gas mixing furnace 
(controlling f02) failed due to the low viscosity of the silicate liquid,' 
which inevitably escaped from the alloy crucibles in the course of the run. 
Therefore all runs were performed under 0.5 GPa pressure in a Boyd-England 
type piston cylinder apparatus, with f02 internally buffered by the metal 
and silicate assemblage. A variety of precautions were taken to prevent any 
leakage of oxygen into the charge (see below).
At higher temperatures (1600-1760°C) no flux is necessary as the molten 
metal segregates effectively enough from the olivine to enable easy analysis 
of the two phases by electron microprobe. Being above the melting 
temperature of Fe-Ni-Co alloys, these experiments require another type of 
crucible material: the experimental charges were held in gem-quality single 
crystals of San Carlos olivine, which were in turn sealed inside Pt-tubing
to avoid oxidation. The olivine crucible separates the Fe-Ni or Fe-Co metal
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from the  P t - t u b i n g ,  thus  p r e v e n t in g  the  a l l o y i n g  of  the  two.  The h igh  
te m p e ra tu r e  in v o lv ed  n e c e s s i t a t e s  t h e s e  ru n s  to  be done a t  3 .5  GPa p r e s s u r e  
t o  avoid  m e l t i n g  of  t h e  o l i v i n e .  Also th e  upper t e m p era tu re  l i m i t  of  ~1500°C 
f o r  th e  type of  f u r n a c e s  used in  t h i s  l a b o r a t o r y  f o r  one atmosphere gas 
mixing r u l e s  out  any h ig h e r  t e m p e ra tu r e  exper im en ts  to  be per formed under 
c o n t r o l l e d  f 0 2 c o n d i t i o n s .
Experiments were conducted  us ing  d i f f e r e n t  Mg/Fe2+ r a t i o s  in  o l i v i n e  as 
wel l  as some d i f f e r e n t  FeCo and FeNi a l l o y  com p o s i t io n s ,  so as to  
i n v e s t i g a t e  th e  e f f e c t s  of  t h e s e  c o m p o s i t io n a l  v a r i a b l e s  on th e  d i s t r i b u t i o n  
c o e f f i c i e n t .
1.5 Exper imenta l  Methods
1.5.1  M e t a l - O l i v i n e - S i l i c a t e  L iqu id  Exper imen ts  (1420°C and 1260°C, 0 .5  GPa)
The s i l i c a t e  s t a r t i n g  mixes were p rep a red  from a n a l y t i c a l  and r e a g e n t  
g rade  o x i d e s ,  h yd rox ides  and c a rb o n a te s  in  t h e  a p p r o p r i a t e  r a t i o  w i th  V 3 Qf  
th e  f i n a l  d e s i r e d  FeO c o n te n t  (by molar  p r o p o r t i o n s )  i n t r o d u c e d  i n  t h e  form 
of Fe20 3 . These m ix tu r e s  then  were ground and homogenized under a c e to n e  in  
an a g a t e  m o r t a r ,  p e l l e t i z e d  and s i n t e r e d  o v e rn ig h t  i n  a i r  a t  1100°C, t o  
d r i v e  o f f  v o l a t i l e s .  The f i n a l  V o  of Fe meta l  was then  added and th e  
m ix tu re  ground under a c e to n e ,  p e l l e t i z e d ,  wrapped in  P t - f o i l ,  s e a l e d  i n  an 
evacua ted  s i l i c a  t u b e ,  and h e a t e d  a t  1100°C f o r  24 h o u r s .  The combination  
of  Fe20 3 and Fe e n s u re s  t h a t  a l l  Fe i s  p r e s e n t  f i n a l l y  in  t h e  d i v a l e n t  
s t a t e .  The com pos i t ions  were checked by e l e c t r o n  microprobe a n a l y s i s .  For 
t h o s e  runs  a t  1420°C th e  com pos i t ion  was t h a t  of  Apollo 14B Green G la s s ,  
s i m p l i f i e d  by e x c lu d in g  some minor e lem en ts  (Table 2 a ) .  The c om pos i t ion  i s  
s i m i l a r  t o  t h a t  of Apollo 12 b a s a l t  12040, which has been shown by Green e t  
a l . (1971a) t o  have on ly  o l i v i n e  i n  sm a l l  amounts on i t s  l i q u i d u s  a t  1420°C 
and 0 .5  GPa.
For th e  ru n s  a t  1260°C t h i s  com pos i t ion  was m od i f ied  by s u b s t r a c t i o n  of
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about 25$ C.I.P.W. normative olivine. Both compositions were designed to 
produce small amounts of olivine (-10$) plus liquid (see Table 2b).
Metal alloy crucibles for these experiments were made from Fe, Ni and 
Co metal powders (all "specpure" from Johnson Matthey) by the following 
procedure. Powders of the desired composition were homogenized by mixing in 
a spex mill, using as a container a perspex cylinder fitted with a tungsten 
carbide end plugs, and a tungsten carbide ball. About 3 grams of these
mixtures were then tamped down a long (800mm) silica tube with a internal 
diameter of 4mm, with the bottom end sealed and the top connected to a 
rotary pump for evacuation. The lower end of the silica tube, with the 
metal powder mixture, was positioned in a vertical tube furnace and heated 
up to a temperature about 30 to 40°C above the melting point of the alloy 
and held there for 20 minutes while maintaining the vaccuum. The tube was 
then quenched by rapidly withdrawing it from the furnace and either cooling 
it in air or in water. The liquid metal alloy, now thoroughly homogenized, 
solidifies in the form of a rod, from which crucibles of the appropriate 
dimensions (4x4mm externally, with a bore 2mm wide by 3mm deep, furnished 
with 1mm thick lids) were machined.
About 20mg of silicate starting material was loaded into these 
crucibles, which were placed inside a tight-fitting alumina ceramic 
surround, covered with discs also of alumina at the top and bottom, and 
placed in half-inch piston cylinder cell assembly, which consisted of an 
outer talc sleeve enclosing a pyrex glass sleeve, with a heating element 
made of from moybdenum foil of 0.14mm thickness wrapped around the inside of 
the glass sleeve. The molybdenum foil was used instead of the more 
conventional graphite to prevent carbon contamination of the metal. It also 
provides an essentially neutral atmosphere that neither oxidizes nor reduces 
the experimental charge. The tight-fitting lids to the alloy capsules 
become welded into the capsules at the high temperatures and pressures of 
the experiments ensuring that the inside of the capsules is protected from
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any source of oxygen. Fired pyrophyllite inserts were used to position the 
charge in the zone of constant temperature of this cell assembly.
Table 2: Chemical Composition of silicate mixes used in 1420°C 
and 1260°C Ni,Co partitioning experiments
a) Apollo 1 MB Green Glass (after Delano and Livi (1981))
Oxide wtj6
Si02 44.80
Ti02 0.45
A120 3 7.1 4
Cr 20 3 0.54
FeO 19.80
MnO 0.24
MgO 19.10
CaO 8.03
Total 100.10
b) Apollo 14B Green Glass, modified by substraction 
of 25% C.I.P.W. normative olivine
Oxide wt/&
Si02 47.91
Ti02 0.63
A120 3 9.94
Cr203 0.75
FeO 15.03
MnO 0.33
MgO 14.24
CaO 11.17
Total 100.00
Special care must be taken with these experiments to demonstrate the 
attainment of equilibrium since three phases (olivine, silicate liquid and 
metal) are involved. Therefore, a number of preliminary experiments were 
conducted to determine the Ni and Co contents of the silicate liquids in 
equilibrium with metal at 1440°C, 0.5 GPa just above the liquidus of the 
chosen composition, so that no olivine is present. For the final 
experiments for each system two complimentary starting compositions were 
used, one with slightly more Ni or Co than that determined from the
preliminary experiments, the other with no Ni or Co. Equilibrium between 
metal and silicate liquid is thus approached from two directions. For the 
runs at 1260°C an estimate of the amount of Ni and Co which would be 
appropriate for the high Ni and Co starting compositions was made.
To study the effect of time on the attainment of equilibrium, 
experiments were conducted for various durations from Vij to 6V 2 hours at 
1420°C, and 1 to 2 hours at 1260°C. The results are shown in Figure 5, for
lnKp(pe-Ni^co) and Figures 6 and 7 for lnKD(Ni^Co-Fe) • In no casa is there 
any perceptible difference between the results of the shortest and longest 
runs, nor for the two different starting compositions. Therefore, although 
the compositions of the two olivines in these experiments are not reversed 
in the strictest sense, equilibrium has been demonstrated since the olivine 
is effectively identical in composition whether produced from the melt with 
high Ni or Co or no Ni or Co, and there is no change in these compositions 
with time.
1.5.2 Metal-Olivine Experiments (1600-1760°C, 3.5 GPa)
The purpose of these experiments was to investigate the olivine-metal 
equilibria near the highest experimentally accessible limits of temperature 
and pressure in the piston cylinder apparatus.
Olivines were synthesized either from gels (Ni-olivine) or oxides (Fe, 
Mg-olivine and Co-olivine) by sintering them at 1100°C at one atmosphere. 
Fe-Ni and Fe-Co metal alloy powders were mechanically mixed with Fe,Mg 
olivine solid solutions and specpure Fe metal powder with mixes of either 
Ni-olivine or Co-olivine together with Fe,Mg olivine.
For each experimental run two compositions were made up in isochemical 
proportions, designed to ensure that during the experiment Ni or Co 
partitioned from the metal into the olivine in one, and vice versa in the 
other. Full details are given in in Table 3. The two compositions were 
loaded into crucibles made from single crystals of gem-quality San Carlos
•  1420°C binary 
O 1260°C binary
■  1420°C ternary 
□  1260°C ternary
Runtime (min)
Figure 5: lnKj^pe-M) vs. time at 1260°C and 1i420°C, 0.5 GPa. There is no 
significant difference between the shortest and longest runs in 
either system, or between runs which approached equilibrium from 
either direction.
1420°C
Runtime (min)
Figure 6: KM_Mgicl vs. time at 11)20°C, 0.5 GPa. There is no significant
difference between the results of the shortest and longest runs.
Runtime (min)
Figure 7: vs. time at 1260°C, 0.5 GPa. There is no significant
difference between the results of the shortest and longest runs.
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Olivines (Fo90), which were 3*3mm in outside dimensions, with a bore of 2mm 
depth and 1mm in diameter, and fitted with lids of the same material. These 
two crucibles were stacked one on top of each other and sealed in Pt-tubing, 
and run also in a conventional piston cylinder apparatus with a cell 
assembly similar to that described above for the metal- olivine- silicate 
liquid experiments (with molybdenum heaters), and following the same 
experimental procedures.
The sealed Pt-tubing isolated the charge from any source of oxidation, 
whilst the olivine capsules prevent alloying of the metal alloys with the 
platinum. Run times range from range from 30 minutes at 1760°C to 5 hours 
at 1600°C.
All runs were conducted using the "piston-in" method with a correction 
of +10/6 to the nominal pressure to allow for friction. Temperatures were 
monitored with a Pt/Pt9oRhi0 thermocouple. These nominal temperatures were 
corrected for the effect of pressure on the e.m.f. of the thermocouple using 
the calibration of Strong et al. (1973). The magnitude of the correction 
increases with both pressure and temperature, and, for example, is equal to 
about 35°C at 1760°C nominal temperature and 3*5 GPa, which is of 
considerable significance in comparing the experimentally observed 
distribution coefficients with those calculated from the thermodynamic data. 
The observed temperatures did not change by more than 10°C during any run.
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Table 3: Exper imenta l  c o n d i t i o n s  and s t a r t i n g  m ix tu res  of m e t a l - o l i v i n e  
p a r t i t i o n i n g  runs
a)  Ni runs  (b in a ry  meta l  a l l o y )
Run Temp.Temp. 
(°C ) 1 ( °C ) 2
P r e s s . 
(GPa)
Time 
(min)
C r u c i b l e  S t a r t i n g  Mixture
2 0 8 1 7 6 0 1790 3.5 30 o l i v i n e  50wt$(Mg7 sFe2 s ) 2S i 0 4 + 50wt$Fe9 6 N i 0  *♦
217 1750 1 7 8 0 3.5 30 " 7 0 wt$ (MggoNiio) 2 S i 0 - + 3 0 wt$ Fe
2 1  7 1750 1 7 8 0 3.5 30 " 70wt$(Mg90Fei o ) 2 Si0i* + 30wt$Fe9oNi i 0
2 2 0 1 6 0 0 1 629 3.5 3 0 0 " 50wt$ (Mg7 5 Fe 2 oNio 5 ) 2 S i 0 4  + 50wt$ Fe
2 2 0 1 6 0 0 1 629 3.5 3 0 0 " 50wt$(Mg7 5 Fe 2 5 ^SiO* + 5 0 wt$Fe 9 6 N i 0 4
2 2 1 1 6 0 0 1629 3.5 3 0 0 " 52wt$(Mg8oNi2 o ) 2 Si0* + 48wt$Fee 9Ni i i
2 2 1 1 6 0 0 1 629 3.5 3 0 0 " 50wt$(Mg8oFe2o )2S i 0 4 + 50wt5&Fe7 6 N i 2  4
2 6 2 1 420 1 425 0 .5 1 2 0 Fe 6 oNi 4 0  Apollo 14B Green Glass  +.02wt% NiO
285 1 420 1 425 0 .5 180 FeeoNUo " " " "
279 1 2 6 0 1263 0.5 1 2 0 Fe 6 oNi 4 0  Apollo 14B G.G.(modi .)  + . 5wt/6 NiO
280 1 2 6 0 1263 0.5 1 2 0 FeeoNUo " " " "
b) Co- runs  (b in a ry  me ta l  a l l o y )
207 1 7 6 0 1790 3.5 30 o l i v i n e  50wt$ (Mg7 5 Fe 2 0 Co0 5 ) 2 S i 0 4  + 50wt$ Fe
207 1 7 6 0 1 790 3.5 30 " 50wt$(Mg75Fe25) 2S i 0 4 + 50wt$Fe96Co0 4
2 1  3 1750 1 780 3.5 75 " 70wt$ (Mg9 oCoio) 2 S i 0 4  + 30wt$ Fe
213 1750 1 7 8 0 3.5 75 n 70wt% (Mg9o F e io ) 2 SiO 4  + 30wt$Fe9oCoio
2 1 8 1750 1 7 8 0 3.5 30 " 50wt$ (MgeoFe0  eCom ) 2 S i 0 4  + 50wt$ Fe
2 1 8 1750 1 780 3.5 30 " 50wt % (Mgs o Fe 2  o ) 2 SiO 4  + 50wt/£Fes 9 C0 1  1
219 1 6 0 0 1629 3.5 3 0 0 " 50wt$ (Mge oFe 0  eCom ) 2SiOu + 50wt$ Fe
219 1 6 0 0 1629 3.5 3 0 0 50wt%(Mgs 0 Fe 2 0 ) 2 SiO 4  + 50wt^Fes 9 C0 1 1
254 1 420 1 425 0.5 15 Fe 8 5 C o i 5  Apollo 14B Green Glass  + . 08wt56Co0
273 1 420 1 425 0 .5 60 Fe 9  0 CO1 0  " " " " + " "
275 1 420 1 425 0.5 1 2 0 Fe 9  0 CO1 0  " " " "
284 1 420 1 425 0 .5 1 2 0 Fe 9  0 CO1 0  " " " "
271 1 260 1 263 0 .5 60 Fe 9 0 CO1 0  Apollo 14B G.G.(modi.)
272 1260 1 263 0.5 60 Fe 9  0 CO1 0  " " " " + 0 . 5wt$CoO
277 1260 1 263 0.5 1 20 Fe 9  0 CO1 0  " " " " + "
271 1 260 1 263 0.5 1 20 Fe 9  0 CO1 0  " " " "
c ) N i , Co runs ( t e r n a r y  meta l  a l l o y )
263 1 420 1 425 0.5 1 20 Fe 6 oNi 3 8 Coo2  Apollol4B GreenGlass +.08wt$CoO
264 1 420 1 425 0 .5 180 Fe 6 oNi 3 eCoo 2  " " +.02wt$NiO
265 1 420 1 425 0 .5 240 FesoNi 3 sCoo 2  n n
266 1 420 1 425 0 .5 390 Fe 6 oNi 3 eCoo 2  " " +. 02wt5&Ni0
268 1 420 1 425 0 .5 390 Fe 6 oNi 3 eCoo 2  M 11
269 1 260 1263 0.5 60 Fe 6 oNi 3 8 Coo2  Apollo  14B G.G. (modi. ) + . 5wt^NiO
270 1 260 1263 0.5 60 Fe 6 oNi 3 sCoo2  " " " "
1 Nominal t e m p e ra t u r e ,  no t  c o r r e c t e d  f o r  th e  e f f e c t  of  p r e s s u r e  on th e  
e . m . f .  of  the  the rmocouple
2 Tempera ture  c o r r e c t e d  f o r  e . m . f .  of  the  thermocouple  (S t rong  e t  a l . ,  
1 973)
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1.5.3 Analytical Procedure
All experimental charges were cut lengthwise in two, mounted in epoxy 
and polished for optical examination followed by analysis with an electron 
microprobe. The runs consisting of olivine and silicate liquid inside the 
metal crucibles produced a few euhedral crystals of olivine (~50-70ym in 
diameter at 1420°C, ~15ym at 1260°C) which had sunk to the bottom of the the 
metal crucible. These equilibrium olivines were surrounded by rims of quench 
olivine, and spinifex-like quench structures extended outwards from both of 
these and the crucible wall. However, a large area of homogeneous, 
unmodified glass existed in the middle of crucible.
Apart from quench rims, the olivine crystals in all runs appeared 
homogeneous within analytical error. The metal crucibles were zoned from 
the initial composition at the outside to the new equilibrium composition at 
the contact between metal and silicate. Several analyses were taken for 
this new composition as near to the metal/silicate interface as possible at 
various positions around the inside wall of the capsule. The zoning 
profiles for a pair of runs at 1M20°C and 0.5 GPa are shown in Figure 8.
The metal-olivine runs at 1760°C and 3-5 GPa produced olivines ~30ym in 
diameter, large spherules of metal (^50ym) and minute quantities of Fe-rich, 
magnesiowüstite. The texture resembled that of the pallasite meteorites, 
which is in contrast to those preliminary metal-olivine runs attempted below 
the melting point of the metal which produced olivines with a grain size of 
less than 10ym and extremly small metal spheres (1-2ym) finely dispersed 
throughout the charge. The texture of the runs at 1600°C was intermediate 
between these two, with a grain size only just sufficient for microprobe 
analysis.
Analyses were conducted on a CAMECA type CAMEBAX MICROBEAM electron 
microprobe using the wavelength dispersive mode with a beam current of 50nA 
and accelerating voltage of 20kV. Standards were: for Ni, Co and Fe, pure 
metal: for Si, wollastonite (CaSi03); and for Mg, periclase (MgO). The Fe,
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distance from met./sil. interface (microns)
F igu re  8: R e p r e s e n t a t i v e  r e s u l t s  of  e l e c t r o n  microprobe  p r o f i l e s  a c ro s s  the  
metal  a l l o y  c r u c i b l e s  f o r  two r u n s .  The com pos i t ion  of  the  metal  
in  e q u i l i b r i u m  w i th  o l i v i n e  and l i q u i d  was taken  t o  be t h a t  a t  the  
m e t a l / s i l i c a t e  l i q u i d  i n t e r f a c e .  Note the  very good homogeneity of  
the  a l l o y  away from t h i s  i n t e r f a c e .
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Mg and Si calibration factors were always checked against a San Carlos 
olivine standard. The calibration factor for Ni was also checked against San 
Carlos olivine (3300ppm Ni). Points were selected for analysis employing 
backscattered electron images.
Analyses were only accepted if they met the following conditions: for
olivines the total in weight percent of the oxide components had to be in 
the range of 98— 102%, and the structural formula had to be close to the 
ideal of M2Si0v when normalized to 4 oxygen atoms; for the liquid, analyses 
were only taken well away from any quench structures. Since the amount of 
olivine in these runs is small, these analyses should resemble in terms of 
major elements the composition of the starting material. That this is 
indeed so may be seen by comparing the analyses shown in Table 5 with those 
of the starting materials in Table 2. At least 5 acceptable analyses were 
obtained for each phase in every run.
1.6 Results
1.6.1 The Olivine-Metal Equilibria
The results obtained for the compositions of co-existing olivine and 
metal for the Ni-only system are presented in Table 4a, for the Co-only
system in Table 4b, and for the combined Ni + Co (ternary metal) system in 
Table 4c.
The results are shown in Figure 9, by plotting for each
experimental run, lnKp^pg-Ni) an<^  lnK^p^co)» corrected to 1 atmosphere
pressure using the correction factors given in Table 1, against the inverse 
of temperature. > The direction from which equilibrium was approached is 
shown by arrows (1420°C and 1260°C experiments, since there is no initial 
olivine, the arrows refer to the initial composition of the liquid from
which the olivines crystallized). It may be seen that there is no 
significant difference recorded in runs with different (reversal) starting
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Figure 9: The p a r t i t i o n i n g  of Ni and Fe ( c i r c l e s )  and Co and Fe (squares )  
between o l i v i n e  and metal:  r e s u l t s  from a l l  runs ,  co r rec ted  to  1 
bar p re ssu re  us ing the  da ta  in  Table 1. For comparison, two curves
c a lc u la t e d  from the  thermodynamic da ta  (see t e x t )  a t  0.4  and
= 0 .1 ,  Xpe = 0 .2 ,  and X^\ and XqJ + 0 . Also given i s  the 
f i e l d  of observed Ni and Fe and Co and Fe d i s t r i b u t i o n  c o e f f i c i e n t s  
for the  p a l l a s i t e  m e te o r i t e s ,  p l o t t e d  a t  the  i n f e r r e d  c lo su re  
temperature  fo r  Ni and Co metal d i f f u s io n  (see t e x t ) .  Sol id  
symbols: b inary  system runs;  open symbols: t e rna ry  (Ni-Co-Fe) 
system runs .  In o rde r  to  show a l l  the  data  some symbols have been 
o f f s e t  from t h e i r  t r u e  temperature .  Note t h a t  many of the  runs  and 
a lso  the  p a l l a s i t e  m e te o r i t e s  a re  a t  d i f f e r e n t  metal  and o l i v i n e  
composit ions from the  c a l c u l a t e d  curves ,  and a re  th e r e f o r e  expected 
to  show s l i g h t l y  d i f f e r e n t  Kp's a t  the  same tempera ture .
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co m p o s i t io n s .  The f i e l d s  of 1nK^'pe—n\ ,Co ) found f o r  th e  p a l l a s i t e  
m e t e o r i t e s  a r e  a l s o  shown, p l o t t e d  a t  t h e i r  assumed f i n a l  t e m p e ra tu r e  of
e q u i l i b r i u m  (see  below).  For r e f e r e n c e ,  the curves  of lnK p^pgf^ i )  a t  X p | t =
0 .6  and Xpg = 0 . 1 ,  and 1 n K j ^ o ) a t  0*9 and Xp^1 = 0 . 1 ,  as  c a l c u l a t e d
from the  thermodynamic d a t a  (with  a c t i v i t y  c o e f f i c i e n t s  taken  from Rammensee 
and F r a s e r  (1 981 ) ) ,  a r e  a l s o  g iven .  However, to  the  l a r g e  number of  
v a r i a b l e s  invo lved  in  th e  p a r t i t i o n i n g  e q u i l i b r i a  ( i . e .  t e m p e r a t u r e ,  
p r e s s u r e ,  and the  com pos i t ion  o f  both  the  metal  and the  o l i v i n e )  t h e s e  
r e s u l t s  a re  more e a s i l y  t r e a t e d  by comparing th e  e x p e r i m e n t a l l y  observed  
m e t a l - o l i v i n e  KD’ s with  t h o s e  which may be c a l c u l a t e d ,  u s in g  th e  
thermodynamic d a t a  p lu s  any n e c e s s a ry  approx im at ions  d i s c u s s e d  e a r l i e r .  In 
t h i s  way any i n a c c u r a c i e s  i n  t h e s e  d a t a ,  or  any misfounded a p p ro x im a t io n s ,
might  be i d e n t i f i e d .  A ccord ing ly ,  f o r  each exper im en ta l  run ,  InKp1 met has 
been c a l c u l a t e d  a t  t h e  t e m p e r a t u r e ,  p r e s s u r e  and observed  me ta l  and o l i v i n e  
com pos i t ions  of  th e  r u n ,  u s in g  e q u a t io n s  (17)—(19);  t h e s e  c a l c u l a t e d
InKp(pe-Ni ,Co)*s a r e  a l s o  l i s t e d  in  Tables  i la-c,  and t h e  d i f f e r e n c e
AlnK{)(pe_Ni ,Co) between t h e  c a l c u l a t e d  and observed  a r e  p l o t t e d  a g a i n s t  t h e  
i n v e r s e  of  th e  ex p e r im e n ta l  t e m p e ra tu r e  in  F igu re  10 f o r  Ni,  and i n  F ig u re  
11 f o r  Co. Because of  t h e  p a u c i ty  of  d a ta  on the  a c t i v i t i e s  of  Co in  t h e  
t e r n a r y  Co-Ni-Fe m e ta l  system,  th e  d a t a  on Co-Fe p a r t i t i o n i n g  in  t h i s  system 
w i l l  be c o n s id e re d  l a t e r .
The agreement between the  observed  and c a l c u l a t e d  lnKD(pe - N i fQ0 ) ’ s i s  
g e n e r a l l y  very  good.  For both sys tems  a t  1260°C and 1420°C th e  d i f f e r e n c e
AlnKp(pe-Ni ,Co) » i s  only  0 . 1-0.3» which i s  s i m i l a r  t o  t h e  e s t i m a t e d  
u n c e r t a i n t y  in  the  c a l c u l a t e d  v a l u e s ,  even wi thou t  in c lu d in g  t h e  u n c e r t a i n t y  
in  the  e f f e c t  of p r e s s u r e .  At h ig h e r  t e m p era tu re s  (1600°C-1760°C) t h e  
d i f f e r e n c e  i s  somewhat l a r g e r  ( 0 . 2 - 0 . 6 ) .  I t  i s  worth n o t i n g  t h a t  t h e  
observed  u n c e r t a i n t i e s  in  t h e s e  runs  a re  s i g n i f i c a n t l y  l a r g e r  th a n  th o s e
D(
Fe
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Figure 10: Comparison between observed and calculated l n K p ) for all 
runs. The arrows show the direction of approach to equilibrium.
1750 1600 1400 1200
°  0.6
1/T(x104) K
F ig u re  11: Comparison between the  observed  and c a l c u l a t e d  lnKj)(pe_Q0 ) f o r
runs  in  th e  b in a ry  Co-Fe system. The arrows show the  d i r e c t i o n  of  
approach to  e q u i l i b r i u m .
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with a silicate liquid flux (i.e. 0.1-0.4 compared to ~±0.05), which might 
reflect the additional experimental problems at such high temperatures and 
pressures.
Table 4: Compositions of coexisting olivine and.metal given in molar and
atomic fractions, respectively, together with observed as well as 
calculated InKp's of the exchange reactions (1) and (2)
a) Ni ol/met partitioning runs (binary metal alloy)
Run/T(°C) X m 1
f—1oX x?1 x ” e t xret lnK°^f’ lnK^'*Mg Fe Ni Fe Ni D (Ni ) D (Ni)
x10~*
208/1760 0.754 0.236 0.021 0.963 0.037 3-799 4.369
(0.010) (0.008) (0.0065) (0.002) (0.002) (0.302)
217/1750 0.801 0.197 0.170 0.734 0.226 3.764 4.290
(0.002) (0.002) (0.015) (0.007) (0.007) (0.093)
217/1750 0.792 0.208 0.060 0.895 0.105 3.776 4.360
(0.003) (0.003) (0.0055) (0.007) (0.007) (0.132)
220/1600 0.722 0.275 0.280 0.678 0.322 3.845 4.404
(0.011 ) (.011 ) (0.030) (0.014) (0,014) (0.121)
220/1600 0.684 0.315 0.080 0.878 0.122 3.975 4.478
(0.010) (0.010) (0.010) (0.008) (0.008) (0.196)
221/1600 0.773 0.225 0.160 0.696 0.304 4.190 4.401
(0.002) (0.001) (0.030) (0.003) (0.003) (0.192)
221/1600 0.823 0.177 0.140 0.666 0.334 4.155 4.470
(0.028) (0.028) (0.030) (0.001) (0.001) (0.382)
262/1420 0.81 4 0.184 0.110 0.643 0.357 4.555 4.891
(0.007) (0.002) (0.003) (0.004) (0.004) (0.027)
285/1420 0.81 5 0.183 0.110 0.638 0.362 4.552 4.890
(0.001) (0.002) (0.002) (0.0003)(0.0003) (0.010)
279/1260 0.801 0.191 0.100 0.593 0.407 4.91 4 5.122
(0.012) (0.008) (0.004) (0.003) (0.003) (0.050)
280/1260 0.81 3 0.186 0.090 0.591 0.409 4.964 5.1 18
(0.007) (0.008) (0.006) (0.002) (0.001) (0.050)
* calculated with met.act,. coeff. taken from Rammensee and Fraser (1981 )
b) Co ol/met partitioning runs (binary metal alloy)
Run/T(°C) ol*Fe
ol
uo
met
re
met 
0 0
1 „obs. 
lnKD(C0)
, „cal.* 
lnKD(Co)
207/1760 0.737 0.261 0.0013 0.963 0.037 2.061 2.342
(0.033) (0.033) (0.0002) (0.0007)(0.0007) (0.154)
207/1760 0.724 0.273 0.0035 0.899 0.106 2.167 2.497
(0.029) (0.029) (0.0004) (0.0017)(0.0017) (0.106)
213/1750 0.855 0.132 0.0125 0.610 0.390 1 .909 2.377
(0.008) (0.008) (0.0009) (0.020) (0.020) (0.107)
213/1750 0.825 0.169 0.0061 0.774 0.226 2.101 2.509
(0.012) (0.011) (0.0017) (0.040) (0.040) (0.336)
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Table Hb) c o n t ’ d
Run/T(°C) o l
nl ol „m et „met , „obs . . „ c a l . *
XMg Fe Co x"Fe XCo lnKD(Co) lnKD(Co)
2 1 8 / 1 7 5 0 0 .791 0 . 2 0 5 0 . 0 0 3 3 0 . 8 8 4 0 . 1 1 6 2 . 1 0 8 2 . 4 5 7
( 0 . 0 1 0 ) ( 0 . 0 1 0 ) ( 0 . 0 0 0 3 ) ( 0 . 0 0 2 ) ( 0 . 0 0 2 ) ( 0 . 0 6 7 )
2 1 8 / 1 7 5 0 0 .781 0 . 2 0 7 0 . 0 0 4 5 0 . 8 4 7 0 . 1 5 3 2 . 1 3 0 2 . 4 9 3
( 0 . 0 3 1 ) ( 0 . 0 2 1 ) ( 0.001  ) ( 0 . 0 0 9 ) ( 0 . 0 0 9 ) ( 0 . 1 7 7 )
2 1 9 / 1 6 0 0 0 . 7 6 0 0 . 2 3 7 0.0031 0 . 8 9 7 0 . 1 0 3 2 .1 9 4 2 . 5 6 0
( 0 . 0 2 1 ) ( 0 . 0 2 1 ) ( 0 . 0 0 0 4 ) ( 0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 8 1 )
2 1 9 / 1 6 0 0 0 . 7 2 6 0 . 2 6 9 0 . 0 0 4 9 0 . 8 6 9 0 .1 3 1 2 .1 2 5 2 . 6 1 6
( 0 . 0 0 5 ) ( 0 . 0 0 5 ) ( 0 . 0 0 0 5 ) ( 0 . 0 0 0 2 ) ( 0 . 0 0 0 2 ) ( 0 . 0 8 6 )
2 5 4 / 1 4 2 0 0 . 8 1 8 0 . 1 8 0 0 . 0 0 2 3 0 . 8 2 6 0 . 1 3 8 2 .7 6 2 3 . 0 0 0
( 0 . 0 0 5 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 2 ) ( 0 . 0 0 2 ) ( 0 . 0 3 6 )
2 7 3 / 1 4 2 0 0 .81  6 0 . 1 8 4 0 .0 0 1 8 0 . 8 6 5 0 . 1 3 5 2 . 7 5 9 2 . 9 4 2
( 0 . 0 0 3 ) ( 0 . 0 0 1 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 2 ) ( 0 . 0 0 2 ) ( 0 . 0 3 0 )
2 7 5 / 1 4 2 0 0 .81  6 0 . 1 8 2 0 . 0 0 2 0 0 . 8 5 2 0 .1  48 2 . 7 5 8 2 . 9 6 9
( 0 . 0 2 0 ) ( 0 . 0 1 7 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 3 6 )
2 8 4 / 1 4 2 0 0 . 8 2 4 0 . 1 7 5 0 . 0 0 1 6 0 . 8 7 3 0 . 1 2 7 2 .7 6 5 2 . 9 3 7
( 0 . 0 0 7 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 2 ) ( 0 . 0 0 2 ) ( 0 . 0 1 4 )
271 / 1 260 0 . 8 2 8 0.181 0 . 0 0 1 2 0 . 8 8 6 0 . 1 1 4 2.961 3 . 1 5 5
( 0 . 0 0 9 ) ( 0 . 0 0 5 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 1 8 )
2 7 2 / 1 2 6 0 0 . 8 0 8 0 . 1 9 0 0 . 0014 0 . 8 5 2 0 .1  48 2 .9 6 7 3 . 1 9 4
( 0 . 0 1 5 ) ( 0 . 0 0 5 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 5 ) ( 0 . 0 0 5 ) ( 0 . 0 3 8 )
2 7 7 / 1 2 6 0 0 . 8 1 2 0 . 1 8 6 0.0011 0 .8 6 1 0 . 1 3 9 2 . 9 9 9 3 . 1 7 2
( 0 . 0 0 6 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 7 ) ( 0 . 0 0 7 ) ( 0 . 0 1 8 )
2 7 8 / 1 2 6 0 0 . 8 2 2 0 . 1 7 7 0 . 0 0 1 3 0 . 8 8 5 0 . 1 1 5 2 .9 8 6 3 . 1 4 5
( 0 . 0 0 2 ) ( 0 . 0 0 1 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 3 ) ( 0 . 0 0 3 ) ( 0 . 0 2 8 )
* c a l c u l a t e d  w i th  m e t . a c t . c o e f f . taken from Rammensee and Fraser ( 1 9 8 1 ) 
c )  Ni ,  Co o l / m e t  p a r t i t i o n i n g  runs ( t e r n a r y  metal  a l l o y s )
R u n /T ° C X01* F e x 01Co
„ m e t
F e
„ m e t
5 ) 1
„ m e t
Co
o b s .
l n K D ( N l )
c a l  .* 
l n K D ( N i )
o b s .
l r * D ( C o )
c a l . * 
l n K D (C o )
2 6 3 /1 1 ) 2 0  0 . 8 1 2 0 . 1 8 6 0 . 0 0 1 3 0 . 0 0 0 8 0 . 5 7 6 0 .1 )00 0 . 0 2 D k . 5 9 7 k .8 7 5 2 . 2 6 9 2 . 6 3 3
( . 0 0 3 ) ( . 0 0 2 ) ( . 0 0 0 1 )(O.OOOOH)(O.OOH) (0 .0 0 1 ) ) ( 0 . 0 0 0 3 ) ( 0 . 0 7 0 ) ( 0 . 0 k 5 )
26)1/11)20 0 . 8 1 0 0 . 1 7 8 0 . 0 0 1  3 0 . 0 0 0 7 0 .5 7 D 0 .D 0 3 0 . 0 2 3 k . 5 7 5 k .8 6 8 2 . 3*)0 2 . 6 k 3
( 0 . 0 1 1 ) ( 0 . 0 1 7 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 3 ) ( 0 . 0 0 3 ) ( 0 . 0 0 0 2 ) ( 0 . 1 1 k ) ( o . o k o )
2 6 5 /1 1 )2 0  0 . 8 1 2 0 . 1 8 7 0 .0 0 1 1 0 . 0 0 0 8 0 . 6 1  3 0 . 3 6 0 0 . 0 2 8 k .6 0 1 k .8 7 5 2 . 3 6 0 2 . 6 3 5
( 0 . 0 0 1 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 0 5 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 0 1  ) ( 0 . 0 0 0 k ) ( 0 . 0 6 0 ) ( o . o k i )
2 6 6 / 1 D20 0 . 8 1 7 0 . 1 8 1 0 . 0 0 1 2 0 . 0 0 0 7 0 . 5 9 7 0 . 3 8 5 0 . 0 2 D k . 5 7 9 k . 8 7 6 2.33*1 2 . 6 3 0
( 0 .0 0 1 ) ) ( 0 . 0 0 3 ) ( 0 . 0 0 0  0  ( 0 . 0 0 0 1 ) ( 0 . 0 0 6 ) ( 0 . 0 1 D) ( 0 . 0 0 0 k ) ( 0 . 0 5 7 ) ( 0 . 0 3 3 )
2 6 8 /1 1 )2 0  0.8 1  1 0 . 1 8 7 0 . 0 0 1 2 0 . 0 0 0 8 0 . 5 8 6 0 . 3 8 9 0 . 0 2 5 k . 6 k 2 k .8 7 5 2 . 2 9 k 2 . 6 3 k
( 0 . 0 0 2 ) ( 0 . 0 0 1 ) ( 0 . 0 0 0 0 ( 0 . 0 0 0 1  ) ( 0 . 0 0 2 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 1 ) ( 0 . 0 k 5 ) (O .O k k )
2 6 9 / 1 2 6 0  0 .811) 0 . 1 8 5 0 . 0 0 1 0 0 . 0 0 0 5 0 . 5 5 1 0.D21) 0 . 0 2 5 k . 9 5 8 5 . 1 1 3 2 . 6 1 7 2 . 8 k k
( 0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 0 0 3 ) ( 0 . 0 0 0 0 5 ) ( 0 . 0 0 1 ) ( 0 . 0 0 1 ) ( 0 . 0 0 0 1 ) ( 0 . 0 2 5 ) ( 0 . 0 2 7 )
2 7 0 / 1 2 6 0  0 . 8 1 6 0 . 1 8 2 0 . 0 0 0 9 0 . 0 0 0 5 5 0 . 5 6 9 0.1)07 0 . 0 2 k k .9 7 6 5 . 1 1 9 2 . 6 5 0 2 . 8 k 3
( 0 . 0 0 3 ) ( 0 . 0 0 2 ) ( 0 . 0 0 0 0 1 ) ( 0 . 0 0 0 1 ) ( 0 . 0 0 3 ) (0 .0 0 1 ) ) ( 0 . 0 0 0 1 ) ( 0 . 0 2 2 ) ( 0 . 0 2 2 )
* ca lcu la ted  with m e t .a c t . c o e f f .  taken from Rammensee and F ra se r  (1981)
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Nevertheless, although agreement is good, there do appear to be 
consistent differences between the calculations and the experimental 
observations. Some possible explanations for this will be now discussed.
Firstly, it may be noted from Figures 10 and 11 that the of AlnK^1 met 
is the same for both Fe-Ni and Fe-Co partitioning. This suggests that 
possibly either thermodynamic data for Fe2SiO* or the model used for the 
activity of Fe2Si04 in Mg-rich olivines, may be in error; in particular the
apparent increase in AlnK^1 met with increasing temperature might suggest 
that the extrapolation of these quantities above the temperatures at which 
they were determined is flawed. Note that the direction of the discrepancy 
is such that in order to explain it, mixing in Fe2SiCU-Mg2Si04 olivines 
would have to show larger positive deviations from ideality than those 
assumed, which furthermore would have to increase with temperature.
Alternatively, olivines in the system Ni2SiC>4-Mg2Si04 and Co2Si04~ 
Mg2SiC>4 both show temperature-dependent intracrystalline cation ordering 
(Bish, 1981; Rajmani et al., 1975; Ghose and Wan, 197-4) - Therefore, if the 
increased disorder expected in both these solid solutions with increasing 
temperatures were to result in increasingly negative deviations from 
ideality, this too might explain some of the discrepancy.
In the assessment of the thermodynamic data it was noted that the 
possible errors in the activity composition relations in the alloy phases
provided the largest errors in calulating lnKD01 me.t It is worth noting that 
if the activity data for Fe-Co liquid alloys given in Hultgren et al. (1973) 
were to be used instead of those of Rammensee and Fraser (1981), then
AlnKD(pe-co) at 1600-1760°C would be reduced to less than 0.2 for all runs; 
and the data of Belton and Fruehan (1967) would produce discrepancies in the 
opposite direction. For the Fe-Ni system, while there is a good concensus 
as to the activity-composition relations in the alloys in the middle of the 
composition range (see Figures 1 and 2), there is increasing disagreement
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and u n c e r t a i n t y  a t  the  ext remes ( i . e .  0 or  1) .  To i n d i c a t e  th e
p o s s i b l e  e f f e c t s  of  t h i s ,  A lnK ^p ) has been p l o t t e d  a g a i n s t  in  
F ig u r e  12. Also shown a r e  some r e s u l t s  from Campbell e t  a l . (1979) ,  
o b t a in e d  from 1 atmosphere gas-mix ing  ex p e r im en t s  a t  1203 and 1300°C a t  very
n i c k e l - r i c h  com pos i t ions  (XjJjft = 0 . 9 8 ) .  There i s  an obvious  t r e n d  i n d i c a t e d
in  t h i s ,  w i th  A lnK ^Fe-N i)  becoming s i g n i f i c a n t l y  l a r g e r  e i t h e r  as  Xp^-»- 0
or X?f-> 1* I t  t h e r e f o r e  seems p o s s i b l e  t h a t  t h e r e  a r e  indeed  smal l  e r r o r s  
in  t h e  a v a i l a b l e  a c t i v i t y - c o m p o s i t i o n  r e l a t i o n s  i n  bo th  th e  Fe-Co and Fe-Ni 
b in a ry  a l l o y  sys tem s .
F i n a l l y ,  the  d a t a  a t  1600°C and 1760°C, which show the  l a r g e s t  
d i s c r e p a n c i e s ,  a r e  a l s o  a l l  a t  3 .5  GPa p r e s s u r e  ( t h i s  h igh p r e s s u r e  i s  
n e c e s s a r y  t o  avoid  m e l t in g  of  the  o l i v i n e ) ;  t h i s  su g g e s t s  t h a t  the  
assumpt ions  made in  c a l c u l a t i n g  t h e  e f f e c t  of  p r e s s u r e  on th e  d i s t r i b u t i o n  
c o e f f i c i e n t  (which a r e  c h i e f l y  t h e  a ssum pt ions  of  n e g l i g i b l e  c o m p r e s s i b i l i t y  
and i d e a l  volumes of  mixing in  t h e  a l l o y  p h as es )  might  be o v e r s i m p l i f i e d .
I t  may t h e r e f o r e  be seen  t h a t  s i n c e  t h e r e  a r e  a number of  p o t e n t i a l  
s o u rc e s  of  e r r o r  in  th e  a v a i l a b l e  thermodynamic d a t a  when e x t r a p o l a t e d  to  
h ig h e r  t e m p e ra tu r e s  and h ighe r  p r e s s u r e s ,  i t  i s  no t  p o s s i b l e  t o  e s t a b l i s h  
unambiguously which of  the  d a t a  may be in  e r r o r .  N e v e r th e l e s s ,  the  
agreement between th e  observed  and th e  c a l c u l a t e d  va lu e s  of  the  d i s t r i b u t i o n  
of  Ni,  Co and Fe between o l i v i n e  and me ta l  i s  very  good below 1^20°C, which 
i s  th e  t e m p e ra tu re  range  of  i n t e r e s t  f o r  most a p p l i c a t i o n s ,  and rea s o n a b ly  
good a t  h ig h e r  t e m p e ra tu re s  and p r e s s u r e s .
The d i s t r i b u t i o n  c o e f f i c i e n t s  of  Fe and Co between o l i v i n e  and metal  
from th e  exper im en ts  in  th e  t e r n a r y  Fe~Ni~Co sys tem,  with  Xpe/X^^ ~1.5 a r e  
compared wi th  th o s e  f o r  th e  b in a ry  Fe-Co system a t  th e  same t e m p e ra tu re s  and
p r e s s u r e s  in  F igu re  13 by p l o t t i n g  th e  AlnK^1 m e t , s f o r  both s e t s  of  d a t a .
The AlnKß1 m e t*s f o r  the  t e r n a r y  system have been c a l c u l a t e d  by t a k in g  YCo^
Al
n 
Kd
Figure 12: AlnKD(pe_Ni) (the difference between the 
lnKD(Fe-Ni)) vs* Circles: data from
Campbell et al. (1979). Note the increase
„met „ , .Xpe ->■ 0 and 1 .
calculated and observed
this study; squares:
.. „ol-met in AlnKD(Fe_Ni) as
(F
e
-C
o
)
0.4 
0.3
0.2
0.1 
0.0
5.5 6.0 6.5 7.0
1/T(x104) K
1400
□
□
□
□
T °C
□
■
□I
1200
binary system ■  
ternary system □
F igu re  13: The d i f f e r e n c e  between lnKD(pe_Q0 ) in  th e  b in a ry  ( s o l i d  s q u a re s )  
and t e r n a r y  (open s q u a r e s )  systems a t  1260°C and 1420°C, 0 .5  GPa.
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to be equal to that in the binary Fe-Co system at the same mole fraction of
, /. , , _ met ,. . ,..met .met Ncobalt (i.e. by assuming for the calculation of Yq0 that (XN  ^ + Xpe ) in
the ternary is equivalent to Xpg^ in the binary). Since all other factors 
remain constant, the difference between the two systems is equal to the
change in lnYQQ^on adding Ni to the alloy. This difference is +0.115 ± 0.46 
at 1420°C and +0.045 ± 0.027 at 1260°C. Thus at both temperatures the 
activity coefficient of Co increases with the addition of Ni. This effect 
is in the same direction to that found by Fraser and Rammensee (1982) at
Xp|t/x[Jjft= 9 for both solid and liquid alloys. As mentioned earlier this
increase of Yc^with increasing Ni content of the alloy phase is somewhat 
surprising, as the available data for the Co-Ni binary system shows negative 
deviations from deality in the solid alloys (Tomiska et al., 1979). Thus
the change of YQo^with Fe/Ni ratio must be a complex matter. The available
data are summarized in Figure 17, where lnYco^at infinite dilution is
plotted against X p ^ .
1.6.2 Olivine-Silicate Melt Equilibria
The compositions of the silicate melts (synthetic Apollo 14B Green 
Glass) in equilibrium with olivine and metal at 1420°C and 1260°C and 0.5 
GPa are given in Table 5, and in Table 6 are given the Fe-Mg, Ni-Mg and
Co-Mg distribution coefficients, which are defined as :
ol-liq
(Fe-Mg)
xo1 x l i qFe Mg
x01 x l i q_ Mg Fe
x01 y i i QNi Mg
x 01 y l i q*Mg Ni _
(20)
(21 )ol-liq(Ni-Mg)
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o l - l i q
(Co-Mg)
rxo1 y ü qXCo * Mg
x o 1 Yi i qMg * Co
( 2 2 )
Takahashi  and I r v i n e  (1981) have shown t h a t  two component d i s t r i b u t i o n  
c o e f f i c i e n t s  w r i t t e n  in  t h i s  way a r e  much l e s s  s e n s i t i v e  t o  v a r i a t i o n s  in
te m p e r a t u r e  and melt  com posi t ion  th a n  s ing le -com ponen t  p a r t i t i o n  
c o e f f i c i e n t s  of  th e  type :
o l - l i q x°5 4 iqFe Fe (23)
Takahashi  and I r v i n e  found t h a t  t y p i c a l  va lues  f o r  th e  two component 
d i s t r i b u t i o n  c o e f f i c i e n t s  over a wide range  of  b a s a l t i c  com pos i t ions
were:  K ( p ^ g 9) , 0 .28  -  0 .33 ;  ^(Co~Mg) > ° - 60 ~ 0 .80 ;  and K°Ni-Mg)> which 
shows a much g r e a t e r  dependence on th e  com posi t ion  of  th e  m e l t  tha n  th e  
p re v io u s  two, 1.0 -  3 .0 .
K°pe-Mg) f ° r  a^ l  runs  a t  both t e m p e r a t u r e s  i s  w i th i n  ex p e r im e n ta l  e r r o r  
of  0.33» which i s  i d e n t i c a l  t o  t h a t  found f o r  a s u i t e  of  l u n a r  b a s a l t s  by 
Longhi e t  a l . (1978) .  Th is  va lue  i s  s l i g h t l y  h ig h e r  than  t h a t  found f o r
most t e r r e s t r i a l  b a s a l t s  (0 .30 ,  Roeder and Emsl ie ,  1970; Longhi e t  a l .
(1 9 7 8 ) ) .
The r e s u l t s  f o r  and K°Q0iyig) show r a t h e r  more s c a t t e r ,  which 
comes from the  e x t r a  u n c e r t a i n t y  a t t e n d a n t  on a n a ly s in g  th e  very smal l  
amounts of  Ni and Co in  both th e  o l i v i n e  and the  l i q u i d  with  th e  e l e c t r o n
m icroprobe .  = 1.85 ± 0 .20  a t  1 i420°C, and 1.36 ± 0 .07 a t  1 260°C; 
t h e r e  i s  thus  a s i g n i f i c a n t  d e c r e a s e  of  th e  n i c k e l  d i s t r i b u t i o n  c o e f f i c i e n t  
w i th  d e c r e a s i n g  t e m p e ra tu r e .  This  i s  in  c o n t r a s t  to  I r v i n e  and Kush i ro
(1976) and Takahashi  (1978) ,  who found t h a t  g e n e r a l l y  i n c r e a s e d  as 
th e  normat ive  o l i v i n e  c o n te n t  of the  me l t  dec reased  wi th  d e c r e a s i n g  
t e m p e ra t u r e .  The p r e s e n t  r e s u l t s  a r e  compared t o  those  of  Takahashi  (1978) 
f o r  a wide com pos i t iona l  range  of  t e r r e s t r i a l  b a s a l t s  in F ig u re  1^. I t
1420°C
Figure 14: Partitioning of Ni between olivine and liquid at 1260°C and
1it20°C, 0.5 GPa. Also shown is the range of values found by
Takahashi (1978), ^ 1 ^ =  1~3.
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Figure 15: Partitioning of Co between olivine and liquid at 1260°C and 
. 1420°C, 0.5 GPa. Also shown is the range of values found by
Takahashi (1978), Kco-MgQ= 0.6-0.8.
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shou ld  be no ted  t h a t  T a k a h a s h i ' s  d a t a  was o b ta in e d  a t  one a tmosphere  under 
c o n t r o l l e d  oxygen f u g a c i t y .
The r e s u l t s  f o r  K°(Q0i ^ g )  a r e  in  t h e  range  0.6 t o  0 .8  a t  bo th  1420°C and 
1260°C, w i th  an average  va lue  of  0.64 ± 0 . 1 1 .  A comparison w i th  t h e  d a t a  of  
Takahashi  (1978) i s  made in  F igu re  15. The agreement i s  e x c e l l e n t ,  which
i n d i c a t e s  t h a t  K( q , l i k e  K^pgi^g),  i s  very i n s e n s i t i v e  t o  t e m p e r a t u r e ,  
p r e s s u r e ,  and com posi t ion  of  th e  m e l t .
Table  5: Chemical com posi t ion  of  s i l i c a t e  g l a s s e s  d e r iv e d  from p a r t i t i o n i n g  
exper im en ts  conducted a t  1420°C and 1260°C
a) N i - ru n s
Run No. 
T(°C)
2 6 2
1420
285 
1 420
279
1 2 6 0
2 8 0
1 2 6 0
wt%  Oxide
S i 0 2 45.35 44.82 47.77 47.51
T i 0 2 0.54 0.52 0.59 0 . 6 1
A120 3 7.77 7.29 9.76 9.85
Cr 20 3 0.65 0.64 0.69 0.71
FeO 20.27 20.93 16.31 1 6 . 5 0
MnO 0 . 2 1 0 . 2 2 0.26 0.27
MgO 16.95 17.12 13.48 13.56
CaO 8 . 6 2 8.43 11.65 11 .50
NiO* 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2
T o ta l 1 0 0 . 3 8 99.99 99.23 100.53
Co-runs
Run No.
t (Qc )
254
1420
273 
1 420
275 
1 420
284 
1 420
271 
1 2 6 0
272 
1 2 6 0
277
1 2 6 0
278
1 2 6 0
wt%
Oxide
S i 0 2 44.60 44.54 44.20 44.30 47.50 47.20 47.46 47.92
T i 0 2 0.47 0.47 0.50 0.46 0 . 6 2 0 . 6 0 0.59 0.64
A 1 2 0 3 7.49 6.93 7 . 2 0 7 . 0 0 9 . 6 0 9.71 9 . 8 8 9.85
C r  2 0 3 0.42 0.52 0 . 5 6 0.50 0.72 0 . 7 2 0.74 0.75
FeO 20.70 21 .52 2 2 . 0 0 21 . 0 0 1 6 . 7 0 16.30 1 6 . 2 1 15.47
MnO 0 . 2 2 0.24 0.23 0.24 0.30 0.29 0.28 0.27
MgO 1 8 . 3 2 17.32 17.10 17.20 1 3 . 0 0 13-40 13.29 13-35
CaO 8.13 8.15 8.30 8.50 1 1 . 6 0 1 1 . 2 0 11.48 1 1 . 6 8
CoO* 0 . 1 2 0 . 1 0 0 . 1  1 0.08 0 . 0 6 0.08 0.05 0.07
T o ta l 100.47 99.79 1 0 0 . 2 0 99.28 1 0 0 . 1 0 99.48 99.98 1 0 0 . 0 0
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Table 5 c o n t ' d
c)  N i ,C o- runs
Run 
T (°C )
263
1420
264
1420
265 
1 420
266  
1 420
268
1420
269 
1 260
270
1260
wt$ Oxide 
S i 0 2 44.66 44.31 44.36 44.20 44.43 47.54 47.49
T i 0 2 0.49 0.51 0.50 0.48 0.52 0 . 6 0 0.59
A120 3 7.72 7.85 7.40 7 . 8 1 7.45 9.75 9 . 8 0
C r  2 0 3 0.45 0.48 0.43 0.44 0.49 0 . 7 2 0.71
FeO 2 0 . 8 0 2 1 . 1 0 21 .42 20.64 20.94 1 6 . 7 0 16.43
MnO 0.23 0.23 0 . 2 1 0 . 2 2 0.23 0 . 3 0 0 . 2 8
MgO 16.93 1 6 . 8 2 17.13 17.32 16.97 1 3 . 2 0 13-42
CaO 8.54 8.63 8.50 8 . 7 0 8.49 1 1 .1 1 11.38
CoO* 0.05 0.04 0.05 0.04 0.04 0.03 0.04
NiO* 0.03 0.03 0 . 0 2 0.03 0.03 0 . 0 2 0 . 0 2
T o ta l 99.90 1 0 0 . 0 0 1 0 0 . 0 2 99.88 99.59 99.97 100.16
* P r e c i s e  Ni and Co a n a l y t i c a l  d a t a  g iven  in  Tab le 6 ( a , b , c )
Tab le 6: Chemical com posi t ion  of  s i l i c a t e  g l a s s  c o e x i s t i n g  w i th  o l i v i n e .  
I n c lu d i n g  ppm-based as w el l  as molar  f r a c t i o n - b a s e d  o l / l i q  
p a r t i t i o n i n g  c o e f f i c i e n t s .
a)  Ni o l / l i q  p a r t i t i o n i n g  runs  (b in a ry  m e ta l  a l l o y  sys tem)
Run .. • 0l  Ni
(ppm)
M . 1 i q Ni M 
(ppm)
01 /L iq  
( a v . )
Yi i q
xMg Y l i qxFe Y l i qXN i
o l - l i q
Fe-Mg
o l - l i q
Ni-Mg
1420°C 
262 808 160 5.05 0 . 1 6 0 2 0.1075 0 . 0 0 0 1 1 0.34 1 .97
(16) (8 ) (0.0009) (0 .0003) ( 0 . 0 0 0 0 1 )
285 879 176 4.99 0 . 1 6 3 2 0 . 1 1 2 0 0 . 0 0 0 1 0 0.33 2 . 2 0
(29) (11 ) (0 .0004) ( 0 . 0 0 0 2 ) ( 0 . 0 0 0 0 1 )
1260°C 
279 778 169 4.60 0.1248 0.0847 0 . 0 0 0 1 1 0.35 1 .42
(25) ( 1 2 ) (0.0025) (0 .0003) (0 . 0 0 0 0 1  )
280 671 1 54 4.36 0.1257 0 . 0 8 5 8 0 . 0 0 0 1 0 0.34 1 .39
(13) ( 1 0 ) (0.0015) (0 .0005) ( 0 . 0 0 0 0 1  )
b) Co o l / l i q p a r t i t i o n i n g  runs  (b in a ry  m e t a l l a l l o y  system)
Run Co01
(ppm)
Col i q
(ppm)
01 /L iq  
(av.  )
Y l i qxMg Y! i qxFe Y l i qxCo
o l - l i q
Fe-Mg
o l - l i q
Co-Mg
1420°C 
254 1862 922 2 . 0 2 0.1737 0 . 1 1 0 1 0 . 0 0 0 6 0 0.35 0.85
(92) (40) (0 .0019) (0 . 0 0 1 2 ) ( 0 . 0 0 0 0 2 )
273 1 428 788 1 .81 0 . 1 6 6 0 0 . 1 1 6 1 0.00051 0.32 0.73
(72) (2 8 ) (0 . 0 0 2 0 ) (0 . 0 0 1 8 ) (0.00005)
275 1712 852 2 .0 1 0 . 1 6 3 8 0 . 1 1 8 2 0 . 0 0 0 5 6 0.31 0 . 7 2
(91 ) (32) (0 . 0 0 1 0 ) (0 .0009) (0.00004)
284 1 241 640 1 .94 0 . 1 6 5 0 0.1134 0.00041 0.31 0 . 7 8
(19) (2 2 ) (0.0015) (0 . 0 0 1 3) (0.00003)
38
Table 6b cont ’d
Run Co01
(ppm)
Col l q
(ppm)
0 1 / L i q 
( a v . )
y i i q
xMg
y i i q
x Fe
y i i q
x Co
o l - l i q
Fe-Mg
o l - l i q
Co-Mg
1260°C
271 1002 ^478 2 . 1 0 0 . 1 2 1 2 0 . 0 8 5 2 0 . 0 0 0 3 1 ' 0 . 3 1 0 . 5 6
(3* 0 ( 1 8 ) ( 0 . 0 0 2 0 ) ( 0 . 0 0 1 7 ) ( 0 . 0 0 0 0 2 )
27 2 1370 665 2 . 0 6 0 . 1 2 5 4 0 . 0 8 5 6 0 . 0 0 0 3 5 0 . 3 4 0 . 6 2
( 2 5 ) ( 2 3 ) ( 0 . 0 0 1 5 ) ( 0 . 0 0 0 9 ) ( 0 . 0 0 0 0 3 )
277 785 37^ 2 . 1 0 0 . 1 2 3 7 0 . 0 8 4 7 0 . 0 0 0 2 8 0 . 3 4 0 . 6 0
( 9 ) ( 1 0 ) ( 0 . 0 0 2 2 ) ( 0 . 0 0 0 6 ) ( 0 . 0 0 0 0 2 )
278 1 2 ^ 561 2 . 2 2 0 . 1 2 3 8 0 . 0 8 0 5 0 . 0 0 0 3 3 0 . 3 3 0 . 5 9
( 1 8 ) ( 2 0 ) ( 0 . 0 0 4 2 ) ( 0 . 0 0 2 9 ) ( 0 . 0 0 0 0 1 )
c) Ni,Co ol/liq partitioning runs (ternary alloy system)
Run Nl01
(ppm)
N l l l q
(ppm)
0 1 /L lq
( a v . )
Co01
(ppm)
Col i q
(ppm)
0 1 /L iq
( a v . )
l i q  l i q  l l q  y l l q
xMg xFe XNi xCo
„ o l - l i q
KFe-Mg
o l - l  lq 
KN1-Mg
„ o l - l l q  
KCo-Mg
1420°C
263 1025
(56)
225
( I D
4.56 683
(51)
384
(23)
1 .78 0 .1 6 1 5  0 .1117  0 .00015  0 .00025
( 0 . 0 0 1 3 ) ( 0 . 0 0 1 7 ) ( 0 . 0 0 0 0 1 ) ( 0 .0 0 0 0 2 )
0 .3 3 1 .72 0 .64
264 1059
(42)
232
0 3 )
4 .56 555
(44)
300
(18)
1 .85 0 .1 6 0 6  0 .1131 0 .00016  0 .00020 
( 0 . 0 0 4 0 ) ( 0 . 0 0 1 5 ) ( 0 . 0 0 0 0 2 ) ( 0 .0 0 0 0 2 )
0.31 1.61 0 .6 9
265 849
(29)
183
(10)
4.64 610
(52)
373
(21)
1 .64 0 .1638  0 .1149  0 .00 0 1 2  0.00024
( 0 . 0 0 3 0 ) ( 0 . 0 0 1 4 ) ( 0 . 0 0 0 0 1 ) ( 0 . 00003)
0 .3 3 1.85 0 .67
266 955
(34)
201
(20)
4.75 543
(40)
340
(20)
1 .60 0 .1654  0 .1 1 0 6  0 .00013  0 .00022
( 0 . 0 0 2 5 ) ( 0 . 0 0 1 1 ) ( 0 . 0 0 0 0 2 ) ( 0 . 00003)
0 .3 3 1.87 0 .6 4
268 969
(50)
211
(19)
4.59 520
(32)
312
0 7 )
1.67 0 .1626  0 .1 1 2 6  0 .00014  0.00022
( 0 . 0 0 0 7 ) ( 0 . 0 0 0 9  H O . 00001 ) (0 .0 0 0 0 1 )
0 .3 3 1.72 0 .7 3
1260°C
269 862
(20)
189
(12)
4 .56 451
(18)
275
(15)
1.64 0 .1230  0 .0 8 7 3  0 .00012  0.00014
( 0 . 0 0 1 0 H 0 . 0 0 0 8 H O . 00001 ) ( 0 . 00001 )
0 .3 2 1.26 0 .5 4
270 659
(8)
142
(10)
4.64 480
(22)
290
(18)
1.66 0 .1258  0 .0857  0 .00010  0.00015
( 0 . 0 0 0 9 ) ( 0 . 0 0 0 7 ) ( 0 . 0 0 0 0 2 ) ( 0 .0 0 0 0 1  )
0 .33 1.38 0 .5 7
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1.7 The Partitioning of Fe, Ni and Co Between Metal and Olivine in the
Pallasite Meteorites: a Check on the Equilibria at Low Temperatures
The pallasites are a group of meteorites consisting, predominantly, of 
chemically almost homogeneous olivine and kamacite/taenite Fe-Ni-Co metal, 
in almost equal amounts (Buseck and Goldstein 1969). They are thought to 
represent fragments of the core/mantle boundary from a small (50-100 km 
diameter) parent body (Greenberg and Chapman 1984). The interesting feature 
of pallasites for our purposes is that the olivine-metal assemblage has 
cooled at exceptionally slow rates, so that diffusional equilibrium between 
the olivine and the metal has been preserved down to quite low temperatures. 
These temperatures may be independently estimated from combining cooling 
rates for the pallasites, obtained from the kamacite-taenite textures 
(Narayan and Goldstein 1985), with diffusion rates for Ni and Co in olivine 
to obtain the temperature at which diffusional equilibrium for these cations 
effectively ceased; this temperature is known as the closure temperature of 
the system.
Closure temperatures for Ni and Co in the olivine of pallasites have 
been obtained from the graphical solution to the closure temperature - 
cooling rate - diffusion rate relationship given by Dodson (1976), using the 
diffusion data for trace amounts of Ni and Co in forsterite (Mg-olivine) of 
Morioka (1980, 1981 ), for both the lower and upper limits of the cooling 
rate estimated by Narayan and Goldstein (1985) ( 150 and 7500 K Myr’1). 
These temperatures are, for Ni, 860 and 960°C, and, for Co, 710 and 810°C. 
The lower temperatures for Co results from the higher rate of diffusion in 
olivine.
The closure temperature should correspond to the temperature of 
equilibration as measured by the distribution of Ni and Fe, and Co and Fe, 
between olivine and metal, if diffusion of Ni and Co in the olivine is, as 
seems probable, the rate-determining step in the re-equilibration of olivine
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and metal during cooling in the pallasites. This therefore provides an
independent test on the thermodynamic data used to determine the
olivine-metal equilibria at temperatures far lower than those at which it 
was experimentally possible to obtain any partitioning data.
Accordingly equation (9) was inverted to give a pair of geothermometers 
for the exchange of Ni and Fe, and Co and Fe, between olivine and metal, 
and, using the thermodynamic data already assessed, equilibration 
temperatures were calculated for a number of pallasites. A pressure of 1 
bar was assumed. Analytical data were obtained from: the olivines, Buseck 
and Goldstein (1969) for the MgO content, and Davis (1977) for Fe, Ni and Co 
content, with the exception of 6 pallasites for which more accurate data on 
the Ni-content are available from Reed et al. (1979); for the metal
(averaged composition of kamacite + taenite) Ni and Co are from Davis 
(1977), Fe being obtained by difference. The small amounts of other 
elements (e.g. phosphorus) in the metal have been ignored.
The temperatures so obtained are listed in Table 7, and are compared to 
the calculated temperatures of equilibration for Ni-Fe and Co-Fe in Figure 
16. Considering the uncertainties involved (the estimation of cooling 
rates, the extrapolation down to very much lower temperatures of the 
diffusion data of Morioka, the neglect of the Fe2+ content in the olivines, 
and the uncertainty in the analyses of Ni and Co in the olivines), the
agreement between the two methods is very satisfying, and therefore provides 
a strong support for the accuracy of the thermodynamic data used to
calculate the equilibrium at low temperatures.
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F ig u re  16: C losure  t e m p e r a t u r e s  f o r  the  exchange of  Ni and Fe and Co and Fe 
between o l i v i n e  and meta l  c a l c u l a t e d  f o r  some p a l l a s i t e  m e t e o r i t e s  
Also shown a r e  maximum and minimum c l o s u r e  t e m p e ra t u r e s  c a l c u l a t e d  
from d i f f u s i o n  r a t e  and coo l ing  r a t e  s t u d i e s .  The e r r o r  bars  
i n d i c a t e  th e  ave rage  u n c e r t a i n t y  in  c a l c u l a t e d  t e m p e ra t u r e s  from 
the u n c e r t a i n t i e s  in  th e  com posi t ions  of  th e  o l i v i n e  and the  meta l  
phase.  S o l id  symbols: tem p era tu re s  c a l c u l a t e d  u s ing  t h e  a c t i v i t y  
c o e f f i c i e n t s  in  th e  b in a ry  Fe-Ni,  Fe-Co a l l o y  sys tems  (Rammensee
meand F r a s e r ,  1981); open symbols: t e m p e ra t u r e s  c a l c u l a t e d  us ing  Yq0
from the  t e r n a r y  Fe-Ni-Co a l l o y  system a t  X p | t /Xj|jf^= 9 ( F ra s e r  and 
Rammensee, 1982).
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1.8 The Fe, Ni and Co Content of the Lunar Core
Good trace element as well as major element analytical data exist for 
Apollo 15 Green Glass, which is virtually identical in composition to the 
Apollo 14B Green Glass used for the experiments in this study (see Table 8). 
This composition represents a least-fractionated basaltic melt from the 
lunar mantle (Ma et al. 1981). Hence the experimentally determined
distribution coefficients may be used to deduce the Mg, Fe, Ni and Co 
content of olivine in equilibrium with this melt at 1420°C and 0.5 GPa, the 
estimate temperature and pressure conditions of its genesis. Note that 
because these distribution coefficients vary but little, or not at all, with 
temperature, such a calculation is not sensitive to moderate errors in these 
parameters; however, even this primitive composition is thought to have 
undergone some olivine fractionation (up to about 10%, according to Ma et 
al. (1981)), and therefore the calculated Fe content of the olivine will be 
a maximum value, and the Ni and Co contents minimum values.
Table 8: Major and minor element compostion of Apollo 15 Green Glass
(Major elements representing the average of Apollo 15 A, D 
and E Green Glass given by Delano and Livi (1981); Ni value 
from Apollo 17 Green Glass, Delano (1985); Co value from Ma 
et al. (1981 ))
Oxide wt$
Si02 45.27 ± 0.21
Ti02 0.41 ± 0.03
A120 3 7.64 ± 0.18
Cr 20 3 0.56 ± 0.02
FeO 19.93 ± 0.32
MnO 0.22 ± 0.03
MgO 17.70 ± 0.56
CaO 8.41 ± 0.25
ppm
Ni 188 ± 10
Co 74.8 ± 3.6
Using the analytical data of Table 8, the composition of the olivine is
found to be : X^ jg = 0.828 ± 0.005, Xpg = 0.172 ± 0.005, X^i = (10.7 ± 0.7)
xIO'1* and XqJ, = (1.6^ ± 0.15)x10-4 (this gives 828 ± 54 ppm Ni and 1 27 ± 12 
ppm Co).
The uncertainties quoted above are those which result solely from the 
experimental uncertainties in the distribution coefficients: they may be 
seen to be trivial in comparision to the likely uncertainties in the 
analytical data.
This olivine composition may then be used to determine the composition 
of metal in the Fe-Ni-Co system in equilibrium with it at any temperature 
and pressure, using equation (9) and the assessed thermodynamic data. It is
assumed that Xp^et+ Xj(jflft+ Xq o  ^= 1 ( i.e. any other siderophile elements are 
present in such small amounts as to be negligible). Activity coefficients 
for Fe and Ni in metal may be taken from Rammensee and Fraser (1981), and 
from Figure 17 of this work.
The composition of the metal calculated by this method at 1420°C and 0.5 
GPa is:
xmet Weight %
Fe 0.554 54.2
Ni 0.434 44.6
Co 0.01 2 1 .2
The above values will of course be subject not only to the uncertainties in 
the composition of the olivine, which actually has only a small effect (e.g.
a 10% change in xjjj} causes a change in XjJf^of -0.02, and in X^^of -0-001), 
but more importantly, to any uncertainties or errors in the thermodynamic 
data used for calculation. For example, the olivine-metal partition 
coefficients were also directly determined by experiment at the same 
temperature and pressure as used in the above calculation (1420°C and 0.5 
GPa), and on material with similar major element composition. It was found
that the calculated lnKD(Fe-Ni) was ~0.3 greater, and the calculated
S R 0.2
°  o . o
Tomiska and Neckel (1985)
Fraser and Rammensee (1982)
extrapolated from ■
^  Fe
Fi gure  17: A c t i v i t y  c o e f f i c i e n t  of
a l l o y s  a t  ~1i473K.
Co a t  i n f i n i t e  d i l u t i o n  in  Fe-Ni-Co
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lnKD(Fe-Co) was ~ 0*1 greater, than those experimentally observed. This, as 
discussed in the preceding sections, may be due to some error in one or more
parts of the thermodynamic data. Consequently, the InKp1 me^ ’s used in the 
calculation given above may be empirically adjusted by these armunts to 
bring the thermodynamic approach into agreement with the experimental 
observations for these conditions of temperature, pressure, ard major 
element composition. Such a procedure in effect uses the experimental 
observations to directly determine the composition of the rretal in 
equilibrium with the liquid composition of the Apollo 15 Green Glass near 
its temperature and pressure of origin.
The results from this method are:
xmet Weight %
Fe 0.616 60.4
Ni 0.372 38.4
Co 0.012 1 .2
The difference in the calculated metal compositions from the twc methods 
may be taken as being indicative of the magnitude of the overall uncertainty 
in the present approach. It may be nevertheless be unequivocally stated that 
if the metal of the lunar core formed in equilibrium with the luna~ mantle 
of the Fe-Ni-Co composition deduced from the above arguments, it will be 
nickel rich; the mean Ni/Fe ratio (by weight) of the two methods is ~0.7, 
with a probable uncertainty of ± 0.15.
Although at higher temperatures and pressures, metal in equilibrium with 
olivine will become poorer in Ni and Co because of the decrease in the 
olivine-metal distribution coefficients with increasing temperature and 
pressure (see Figure 9), the Moon is simply not large enough, and 
consequently never likely to have been hot enough (see e.g. Taylor, 1982 for 
a review of various models of the thermal structure of the Moon) for this to
have a significant effect.
M5
1 .9 Summary
The partitioning of Fe, Ni and Co between Mg-rich olivine and iretal has 
been calculated as a function of temperature, pressure and composition from 
available thermodynamic data, and has also been determined experimentally 
over a range of these conditions. The results from the two methods are in 
very good agreement at temperatures near to those at which the themodynamic 
data were obtained (i.e. T < 1500K) and at low pressures, but this agreement 
becomes somewhat less good at higher temperatures and pressures. Since 
there are a multiplicity of possible explanations for this, it is not 
possible to ascertain which of the thermodynamic data are responsib.e. The 
good agreement between closure temperatures calculated from the 
thermodynamic data for the partitioning of Fe and Ni and Fe and Co between 
olivine and metal in the pallasite meteorites, with temperatures estimated 
from cooling rates and diffusion rates, confirm the reliability of the 
calculations at low temperatures.
Together with experimentally determined olivine-liquid partition 
coefficients for Fe, Ni and Co, the method has been used to calcu.ate the 
composition of the metal that would be in equilibrium with olivine on the 
liquidus of a lunar Green Glass (Apollo 15). Since this Green Glass 
composition is thought to approximate to that of a primitive melt irom the 
lunar mantle, this metal composition is that which would separate from the
lunar mantle to form the small lunar core.
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CHAPTER 2: Nickel-Cobalt Abundance Systematics and their Bearing on
Lunar Origin*
2.1 Introduction
The abundances of siderophile elements in the Earth's upper mantle 
display some interesting features which have recently been reviewed by 
Ringwood (1984). For example, despite the very different siderophilic 
natures of nickel and cobalt, they are present in the upper mantle 
approximately in chondritic relative abundances. Moreover, their absolute 
abundances are much higher than would be expected if the upper mantle had 
equilibrated with an iron-rich metal phase during core-formation at 
moderately high temperatures (e.g. 1200-2000°C). In contrast, the
nickel/cobalt ratios of the silicate phases of differentiated meteorites, 
such as eucrites and pallasitic olivines, depart grossly from the chcndritic 
ratio and the absolute abundances of nickel and cobalt in these meteoritic 
silicate phases are lower by factors of 5 to 100 than in corresponding 
terrestrial basaltic and ultramafic rocks from the Earth's mantle (Table 2). 
The distribution of nickel and cobalt in differentiated meteorites can 
readily be explained in terms of the achievement of equilibrium partitioning 
between metal and silicate phases during differentiation and cooling of 
their parent bodies at temperatures less than about 1200°C (Stolper, ’977).
It is generally accepted that the contrast in these abundance patterns 
reflects the very different processes involved in core-formation in the 
Earth and in the meteoritic parent body. Core-formation in the latter 
occurred in a relatively low pressure-temperature enviroment within one or 
more small parent bodies possessing radii of at most, a few hundred 
kilometers. Core-formation in the Earth involved metal segregation within a
This Chapter is largely based on a paper of the same title by A.E.
Ringwood and S. Seifert published in "Origin of the Moon" (eds. W.K.
Hartmann, R.J. Phillips, G.J. Taylor), pp 249-278, Lunar PlanetaryInstitute, Houston.
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body of planetary size in which the central pressure exceeds 400 GPa and the 
central temperature exceeds 5000°C. Distribution of nickel and cobalt 
between metal and silicate phases would have been substantially influenced 
by this high P, T environment. Moreover, the Earth's core is known to 
contain about 10 percent of light elements. Ringwood (1984) showed that the 
principal light element in the core is probably oxygen and pointed out that 
its presence would have a significant effect on the distribution of 
siderophiles between metal and silicate phases. A further process which is 
believed to have an important influence on the siderophile abundance 
patterns of the Earth's mantle was the physical mixing of an oxidized nebula 
condensate into the mantle at an advanced stage of accretion under 
conditions which did not permit it to equilibrate with metal phase (e.g. 
Newsom and Palme, 1984).
In summary, the abundances of nickel and cobalt in the Earth's mantle 
reflect the very complex processes (as yet incompletely understood) which 
occured during accretion and core-formation within a body of planetary 
dimensions. As such these abundances are likely to be unique to the Earth 
(or to a similar planet like Venus). In the light of these observations, it 
is interesting to study the abundances of nickel and cobalt in the Moon. 
Before proceeding with this topic, however, it is desirable to discuss the 
petrological basis which underlies the estimates of the global lunar nickel 
and cobalt abundances.
2.2 Petrological Provinces of the Moon
It is widely believed that a large region of the Moon extending to a 
depth of 400 km or more, experienced extensive degrees of partial melting 
and differentiation during, or soon after, accretion (e.g. Taylor, 1982). 
One of the products was the plagioclase-ri ch lunar crust with a mean 
thickness of about 70 km, which is believed to have crystallized from a deep
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magma ocean during this early episode of melting and differentiation. The 
upper mantle of the Moon is believed to be comprised of pyroxene and olivine 
cumulates from the magma ocean together with refractory peridotite, depleted 
in fusible components by partial melting process which produced the magma 
ocean (e.g. Ringwood, 1979).
2.2.1 Mare Basalts
Mare basalts comprise only a small proportion of the volume of the 
lunar crust. Nevertheless they are of profound petrologic and geochemical 
significance because they are believed to have formed by subsequent partial 
melting of the ferromagnesian cumulates and peridotitic residua beneath the 
crust at depths of 100-400 km. Thus, they should be capable of providing 
key information on the nickel and cobalt contents of an extensive region of 
the lunar mantle.
Ringwood and Kesson (1976) showed that the low-Ti mare basalts have had 
a simpler petrogenetic evolution than the high-Ti basalts and retain a more 
direct "memory" of their mantle source regions. Accordingly, it is 
preferable to use geochemical data derived from low-Ti basalts in order to 
constrain the composition of the more primitive regions of the lunar mantle. 
Most mare basalts have experienced varying degrees of fractionation (mainly 
of olivine and pyroxene) after leaving their source region. Since nickel
and cobalt are preferentially partitioned into these phases, use of
abundances of these elements in mare basalts to derive the Ni and Co
contents in their source regions will usually result in underestimates. It
is therefore essential to select data from mare basalts which can be shown 
by standard petrologic criteria such as Mg-numbers (= 100 MgO/^go+peO^ or 
Fe-numbers (= 100 FeO/peQ+Mgo) to have experienced the least fractionation 
after leaving their source regions.
The recognition by Delano and Livi (1981), Delano and Lindsley (1983) 
and Delano (1986) of some 24 discrete families of volcanic glasses in lunar
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soils has added a new dimension to lunar basalt petrogenesis. The glassy 
spherules apparently formed by volcanic fire-fountaining. Their high 
liquidus temperatures, combined with melting relationships at elevated 
pressures imply an origin at considerable depths, probably 300-400 km. 
Delano and colleagues have demonstrated that the least fractionated members 
of each of these families closely approximate primary magmas which have 
ascended from their source regions without appreciable fractionation of 
olivine (or pyroxene).
Delano and Livi (1981) and Delano and Lindsley (1983) showed that the 
souce regions from which these primary magmas were derived appear to be 
comprised of mixtures of two distinct components, Ti-rich and Ti-poor, 
corresponding to different types of cumulates. Their data provide strong 
support for a petrogenetic model proposed earlier by Ringwood and Kesson 
(1976). During crystallization of the magma ocean, intermediate and late 
ferromagnesian cumulates would become gravitationally unstable because of 
their high iron (and titanium) contents. Consequently, they were subducted 
into the lunar interior where hybridization with less dense layers of early, 
refractory olivine and orthopyroxene cumulates and residua* occured. 
Ringwood and Kesson showed that many characteristics of mare basalts could 
be explained if they had formed by subsequent partial melting of these 
hybrid source regions at considerable depth.
The Green Glasses possess the highest Mg-numbers and Ni contents amongst 
primary lunar magmas. They were evidently derived from source regions in 
which Mg-rich olivine residua and/or early cumulates played a major role. 
It is from these residua and cumulates that the best estimates of the 
original nickel and cobalt abundances of the primordial lunar mantle (prior 
to differentiation of the lunar crust) can be obtained.
% Ringwood and Kesson's model described hybridization of late cumulates 
with primordial lunar interior. However, they recognized (see page
1700) hybridization with refractory residua and early cumulates as a 
viable alternative model. Subsequent evidence shows that this latter
scenario is to be preferred (e.g. Delano and Livi,1981)
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The most primitive Green Glass composition contains 188 ppm Ni (Delano, 
1986) and 75 ppm Co (Ma et al., 1981). The composition of olivine on the 
liquidus of Green Glass at 1M20°C is obtained in Chapter 1. The olivine 
(Fo 03 ) contained an average 828 ppm nickel and 127 ppm cobalt. Accepting 
the evidence that Green Glass was essentially a primary magma, this is also 
the composition of olivine in the source region. Moreover, it represents a 
close approximation to the nickel and cobalt contents of the olivines in the 
primordial mantle which differentiated to form the lunar crust.
2.2.2 The Lunar Crust
This region consists dominantly of breccias possessing compositions 
similar to anorthositic gabbros. Attempts to estimate the abundances of 
indigenous siderophile elements in the crust have been complicated by the 
large amount of meteoritic contamination. Nevertheless significant 
quantities of indigenous siderophile elements are undoubtedly present. The 
strong correlations of phosphorus and tungsten with lanthanum in highland 
rocks (Rammensee and Wänke, 1977: Dreibus et al., 1977; Delano and Ringwood, 
1978a,b) and the similarity of and P/^ q ratios in highland rocks and
mare basalts demonstrate that most of the tungsten and phosphorus in 
highland rocks is indigenous. The good correlation of Co with (MgO + FeO) 
in highland rocks, mare basalts and 'pristine* lunar rocks (see Section 2.3) 
likewise shows that most of the cobalt in lunar breccias is indigenous 
(Wänke et al., 1979). Curiously, although there is unequivocal evidence
that most of the P, W and Co* in highland rocks is indigenous, some workers 
have claimed that only a very small proportion of the nickel is indigenous 
(e.g. Anders, 1978). This opinion is based on the observed low nickel 
content of the so-called pristine lunar rocks.
However, Delano and Ringwood (1978a) and Ringwood and Seifert (1986)
showed that the nickel content of pristine lunar rocks bears little relation
On average, about one third of the cobalt in highland breccias is of
meteoritic origin (Wänke et al., 1978)
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to the indigenous nickel content of the Moon. In fact, there is abundant 
independent evidence which demonstrates unequivocally that a substantial 
proportion of the nickel in highland breccias is genuinely indigenous.
Palme (1980) showed that in the terrestrial melt sheets at Lappajarvi 
and East Clearwater, variable amounts of contamination by the meteoritic 
projectile occured. From an investigation of Ni-Ir and Ni-Co correlations 
within groups of samples from both localities, he was able to estimate the 
indigenous Ni and Co contents of the terrestrial rocks in the vicinity,
demonstrating ground-truth for this method. Palme (1980) then applied the
same technique to suites of samples from the Apollo 16 and 17 impact melt 
sheets. Indigenous components of 350 ppm Ni and 25 ppm Co were obtained at
the Apollo 16 site, as compared to HO ppm Ni and 22 ppm Co at the Apollo 17
site.
A second argument demonstrating the presence of substantial quantities 
of indigenous nickel in lunar highland breccias was made by Wänke et al. 
(1979). These authors noted that the projectiles which brecciated and 
contaminated the early lunar crust possessed chondritic Ni/Q0 ratios, as 
shown by Delano and Ringwood (1978a), Wänke et al. (1978) and Section 2.3 of 
this Chapter. If it is further assumed that all of the nickel in Apollo 16 
breccias was of meteoritic origin, then cobalt which would have been 
supplied by the meteoritic component can be obtained utilizing the 
chondritic ratio Ni/QG ratio (or the observed Ni/c0 ratio in the most 
meteorite-contaminated lunar highland breccias). After subtracting the 
meteoritic cobalt component from the total cobalt content of Apollo 16 
breccias, Wänke et al. ( 1 979) found that the ratios of the residual cobalt 
(Cor) to (Mg + Fe) in the highland breccias were much smaller than the 
Co/(Mg + pe) ratios displayed both by pristine lunar rocks and mare basalts. 
This is unacceptable result since as shown by Wänke et al. (1979) and
elsewhere in this chapter, the Co/(pjg + pe) ratios of pristine rocks and 
mare basalts represent minimum values for the Moon because of the effects of
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metal fractionation in the former and olivine fractionation in the latter.
Clearly the assumption that all of the nickel in the Apollo 16 breccias 
has been derived from the projectiles is untenable. Wänke et al. (1979) 
demonstrated that if the indigenous Co/(^g + pe) ratios in Apollo 16 
breccias were, in fact, similar to the minimum lunar values for this ratio 
displayed by pristine rocks and mare basalts, the Apollo 16 breccias must 
contain from 50 to 400 ppm of indigenous nickel.
Delano and Ringwood (1978a,b) and Ringwood et al. (1987) studied the Ni 
and Co abundance systematics in lunar highland breccias from a different 
perspective. They made the most plausible and economical assumption that 
the Ni/Qo and Ni/jr ratios of the projectiles which impacted the highlands 
were chondritic. After subtracting out meteoritic Ni and Co contamination 
assuming all of the iridium in the highlands was of meteoritic origin, and 
normalizing the results to a constant A1203 content, the Ni and Co residuals 
were plotted in Ni/c0 versus Ni diagrams (Figures 1 and 2). The 
corresponding plots for terrestrial oceanic tholeiites and komatiites are 
also shown.
The significance of the trends shown in Figures 1 and 2 has recently 
been discussed by Ringwood et al. (1987) and is based upon an interpretation 
of mixing relationships displayed by lunar highland breccias as proposed by 
Wänke et al. (1975, 1976, 1977) and displayed in Figure 3- This shows that 
the compositions of the lunar highland breccias can be represented in terms 
of mixing between an anorthositic component and a "primary component". 
Wänke et al. (1975, 1976, 1977) suggested that the composition of the 
primary component corresponds to the position where the extrapolated trends 
on Figure 3 yielded chondritic relative abundances of Ca, Al and Sc. 
Ringwood et al. (1987) pointed out that the composition of the primary 
component was essentially komatiitic and derived a more complete chemical 
analysis for this component from studies of element abundance systematics in 
lunar breccias. The composition of the lunar komatiite thereby obtained is
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g iven  in  Table 1 and compared w i th  t h o s e  of  some t e r r e s t r i a l  k o m a t i i t e s .  A 
s t r o n g  resemblance  i s  s e e n .
Tab le  1: Comparison between l u n a r  b a s a l t i c  k o m a t i i t e  and t e r r e s t r i a l  
k o m a t i i t e  com pos i t ions
LUNAR
1 ) 2 )
TERRESTRIAL 
3) 4) 5)
wt% oxide
S i 0 2 45.16 45.23 45.39 45.50 45.10
T i 0 2 0.54 0.29 0.29 0.34 0.33
A120 3 6 . 6 1 6.17 6.60 6.50 6.64
Cr 20 3 0 .40 0.45 - 0 .37 0.40
FeO 14.77 11.48 9.92 10.17 1 0 . 8 0
MnO 0.19 0 . 2 1 0.15 0 . 1 6 0 . 1 8
MgO 2 6 . 9 2 28.59 30.09 29.20 30.40
CaO 5.31 5.89 5.59 6 . 2 0 4.80
Na20 0 . 1 0 0.60 0.40 0.28 0.03
Tota l 1 0 0 . 0 0 98.91 98.43 98.72 98.68
ppm
Ni : 1327 1396 1 960 1610 1 490
Co : 78 107 - 108 104
V : 112 124 95 133 125
Sc : 23 - 17 25 24.5
C aO /  A1 2 0 3 0 . 8 0 0.95 0.85 0.95 0 . 7 2
1) c a l c ,  l u n a r  b a s a l t i c  k o m a t i i t e ;  Ringwood e t  a l . (1987)
2) from Mt. Burges W.A., N e s b i t t  and Sun (1976)
3) from S c o t i a  W.A., Sun and N e s b i t t  (1978)
4 ,5 )  from Alexo Canada,  Arndt (1986)
I t  i s  b e l i e v e d  t h a t  th e  a n o r t h o s i t i c  l u n a r  c r u s t  was l a r g e l y  formed by 
d i f f e r e n t i a t i o n  of  a p r im o r d ia l  magma ocean ex te n d in g  t o  a dep th  of  300-400 
km. Ringwood e t  a l . (1987) s u g g es ted  t h a t  a f t e r  th e  l u n a r  magma ocean had
d i f f e r e n t i a t e d  to  form an a n o r t h o s i t i c  c r u s t ,  e x t e n s i v e  p a r t i a l  m e l t i n g  
would have con t inued  from s o u rc e s  a t  g r e a t e r  d e p t h s ,  th e re b y  produc ing  l u n a r  
k o m a t i i t e  magmas which in t r u d e d  the  a n o r t h o s i t i c  c r u s t  in  g r e a t  volumes.  
C le a r  ev idence  t h a t  i n t e r n a l  t e m p e ra tu r e s  in  th e  Moon were h igh enough t o  
r e n d e r  t h e s e  p ro c e s s e s  p l a u s i b l e ,  even i n e v i t a b l e ,  i s  prov ided  by t h e  green  
v o lc a n i c  g l a s s e s  which were e ru p te d  about  3-4 b i l l i o n  yea rs  ago (Podosek and
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Huneke, 1973). These magmas, which themselves are essentially komatiitic in 
composition, demonstrate that temperatures in the vicinity of 1500°C were 
present at depths of 200-400 km in the lunar interior at this stage. The 
results of Delano (1979) demonstrate that a komatiitic style of volcanism 
was a major feature of lunar igneous activity over a period of at least one 
billion years.
The massive volumes of komatiite which invaded the anorthositic lunar 
crust about 4.5 billion ago would have been physically mixed with the 
anorthosite by intense planetesimal and meteoritic bombardment experienced 
by the Moon. Intimate mixing would have been expedited by the tendencies of 
lunar komatiite magmas to disintegrate into small spherules and become 
widely dispersed by fire-fountaining during eruption. The mixing relations 
displayed by Figure 3 are explained in a straightforward way by this simple 
model.
Ringwood et al. (1987) also pointed out the similarity in composition 
between lunar and terrestrial kommatiites (Table 1 ) strongly implies a 
strong resemblance between the composition of the bulk Moon and the Earth 
upper mantle.
2.3 Lunar Geochemistry of Cobalt
Wänke et al. (1979) have emphasized the important role played by cobalt 
as a geochemical tracer in the Moon. Cobalt is only moderately siderophile 
and is not strongly fractionated by the separation of small amounts of metal 
phase. Moreover, cobalt is a compatible element which is not strongly 
fractionated during moderate degrees of crystallization of basaltic magmas. 
Accordingly, the content of cobalt in the source region of basaltic magmas 
can be estimated with some confidence.
The abundances of cobalt in low-Ti mare basalts and terrestrial oceanic 
tholeiites are shown in Figure 4. The mean Co abundances and dispersions
0 = 4 2 ,6 %  
Si = 21,7%
C a /A I = 1,08
Mg = 16,7%
Fe = 11,3%
Primary
com ponent
(com puted)
Al =3 ,6%
Figure 3: Binary mixing diagram for highland breccias mostly from the Apollo 
16 site. The compositions can be readily interpreted in terms of 
mixing between an anorthositic end member and a "primary component" 
defined by the chondritic Ca/Al ratio of 1.08. Solid lines were 
fitted to compositions of KREEP-poor samples, represented by the 
filled symbols. Samples with proportions of KREEP are represented 
by open symbols and were not used in computation of the element 
mixing lines (From Wänke et al., 1976; Figure 1).
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al. ,St°977? Ma et^al l0W_T1 mar® basalts (Rhodes et
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a r e  very s i m i l a r  in  both r o c k - t y p e s .  Ringwood and Kesson (1977) drew 
a t t e n t i o n  t o  the  s i g n i f i c a n c e  of  t h i s  r e l a t i o n s h i p  and conc luded  t h a t  the  
c o b a l t  co n ten t  of  the  l u n a r  mantle i s  very s i m i l a r  to  t h a t  of  the  
t e r r e s t r i a l  man t le .
Wänke e t  a l . (1979) compared the  C o / ( ^ g + pe ) r a t i o s  of  p r i s t i n e  l u n a r  
ro c k s  and mare b a s a l t s  w ith  co r re sp o n d in g  r a t i o s  in  t e r r e s t r i a l  b a s a l t s  and 
p e r i d o t i t e s .  They concluded  t h a t  the  abundance of  c o b a l t  in  th e  Moon was 
about  40% s m a l le r  than  in  the  E a r t h ’ s m a n t le .  Although t h i s  d i f f e r e n c e  i s  
q u i t e  s m a l l ,  i t  has n e v e r t h e l e s s  been e x a g g e ra ted .  The d a t a - s e t  used by 
Wänke e t  a l . (1979) ,  y i e l d  minimum l u n a r  c o b a l t  v a lues  because  of  the  p r i o r  
e f f e c t s  of metal  s e p a r a t i o n  from p r i s t i n e  rocks  and c r y s t a l  f r a c t i o n a t i o n  in  
th e  mare b a s a l t s  (F igure  5 ) .  Moreover a s u b s t a n t i a l  p a r t  of  the  i n f e r r e d  
d e p l e t i o n  i s  an a r t e f a c t  a r i s i n g  from the  c i rcum s tance  t h a t  the  l u n a r  mantle  
c o n t a i n s  about  tw ice as much FeO as the  t e r r e s t r i a l  mantle  (S e c t io n  2 . 5 ) .  
Delano (1986) compared the  Co/^g r a t i o s  of  the  l e a s t  f r a c t i o n a t e d  l u n a r  
v o l c a n i c  g l a s s e s  and mare b a s a l t s  w i th  th o s e  of  t e r r e s t r i a l  b a s a l t s  and 
concluded  t h a t  the  d i f f e r e n c e  d id  not  exceed about  10%.
S i m i l a r i t y  in  the  c o b a l t  c o n t e n t s  of  the  lu n a r  and t e r r e s t r i a l  m antles  
i s  a l s o  demonst ra ted  by r e c e n t  exper im en ta l  s t u d i e s  (see  Chapter  1) .  These 
show t h a t  o l i v i n e  c r y s t a l l i z i n g  near  th e  l i q u i d u s  of  a p r i m i t i v e  v o l c a n i c  
g l a s s  (75 ppm Co from Ma e t  a l . , 1981) c o n t a in s  127 ppm Co. This  may be 
compared with  the  mean value of  136 ppm found in  a c o l l e c t i o n  of  o l i v i n e s  
from p e r i d o t i t e  x e n o l i t h s  d e r ive d  from the  t e r r e s t r i a l  mantle (S tosch ,  
1981 ) .
Wänke e t  a l . (1983) noted  t h a t  the  f r a c t i o n a t i o n  behav iour  of  c o b a l t  i s  
i n t e r m e d i a t e  between th o se  of  i ro n  and magnesium; hence i t  i s  sometimes 
conv ienen t  to  d e s c r ib e  the  behav iour  of  c o b a l t  in  terms of p l o t s  of  Co 
v e r s u s  (MgO + FeO). A p l o t  of  Co/(MgO + pe0 ) r a t io s  f o r  Apollo 16 h ig h l a n d
b r e c c i a s ,  low-Ti mare b a s a l t s  and p r i m i t i v e  l u n a r  v o l c a n i c  g l a s s e s  i s  shown 
i n  F ig u re  5. As d i s c u s s e d  p r e v i o u s l y ,  the  ind igenous  c o b a l t  c o n t e n t s  of  the
PRIMITIVE VOLCANIC -jff- 
GLASSES
APOLLO 16 HIGHLAND
BRECCIAS
• r= 0.78
(MgO + FeO) wt%
Figure 5: Cobalt in primitive volcanic glasses, low-Ti mare basalts and
Apollo breccias (corrected for meteoritic contamination versus 
(MgO + FeO). Note the solid line representing the best fit to 
the highland breccia data projects directly into the field of 
primitive volcanic glasses (data references are given in captions 
of Figs. 1, 2 and 4).
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lunar highlands were obtained by subtracting meteoritic cobalt contamination 
using the chondritic Co/jr ratio and the assumption that all of the iridium 
in the highlands was derived from meteoritic contamination.
Figure 5 shows that there is a clear correlation between residual Co and 
(MgO + FeO) for Apollo 16 highland breccias. Moreover the line of best fit 
extrapolates directly into the field of least fractionated volcanic glasses, 
the cobalt contents of which are unquestionably indigenous. This provides 
convincing evidence that the cobalt residuals in the highland breccias are 
also genuinely indigenous and demonstrates the very strong similarity of 
Co-Mg-Fe abundance systematics both in the lunar highlands and primitive 
lunar basalts. Most of the points for mare basalts fall significantly below 
the correlation line, owing to the effect of crystal fractionation 
subsequent to derivation from their source regions (Delano and Ringwood 
1978a,b; Delano, 1986).
In Figure 6, the cobalt residuals from Apollo 16 highland breccias are 
plotted against corresponding magnesium contents. A distinct correlation is 
evident, though it is less strong than in Figure 5. This may be explained 
partly by differing partition coefficients of Co and Mg in olivines and 
pyroxenes. The slope of the Co-Mg correlation in Figure 6 is of greater 
importance. It implies a mean Mg/Q0 ratio of 2480 in the lunar crust which 
is close to the Mg/Q0 ratio of 2080 which is characteristic of the Earth's 
upper mantle (Sun, 1982).
This confirms a conclusion reached by Wänke et al. (1978) using rather 
different methods. These authors concluded that the lunar highlands contain 
a primitive magnesium-rich component with which the bulk of the indigenous 
chromium, cobalt and nickel is associated and showed that the Mg/Q0 ratio of 
this component was similar to that of the terrestrial upper mantle.
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2.4 Lunar Geochemistry of Nickel 
2.4.1 The Lunar Crust
WSnke et al. (1976, 1978) employed several recognized geochemical 
criteria to select a sub-set of the "least fractionated" Apollo 16 breccias. 
The criteria were directed towards avoiding samples containing high KREEP 
contents, abnormally high Fe/^g ratios and correcting for meteoritic 
contamination via iridium as discussed earlier. Within this sub-set, WSnke 
et al. (1976, 1978) observed a strong correlation between Mg and and 
residual nickel. Since magnesium is accepted as being indigenous and has 
similar crystal-chemical properties to nickel, this relationship provided 
strong evidence that the nickel was also indigenous. WSnke et al. (1976, 
1978) inferred from this and other data that the highlands contained a 
primary magnesium-rich component, with which substantial amounts of Cr and 
Ni are also associated. Moreover, they showed that the primary component 
possessed a Mg/^i ratio similar to that of the Earth's mantle. As discussed 
previously this primary component is now recognized as representing former 
lunar komatiite, derived from the deep lunar interior.
The genetic significance of this Mg-Ni correlation has not been 
adequately appreciated by the lunar science community. Actually it can be 
demonstrated by simpler procedure than that used by WSnke et al. (1976, 
1978). In Figure 7 the residual nickel values (corrected for meteoritic 
contamination via Ir) are plotted against magnesium for the entire set of 
Apollo 16 breccias previously studied by Delano and Ringwood (1978a,b)*. A
* Note sample 62295 and 61161.7 have been omitted from the Apollo 16 
highland breccia set used by Delano and Ringwood (1978a,b). Sample 
62295 represents a pristine lunar highland rock possessing an 
equilibrium mineral assemblage with a modal content of 35.6% 
plagioclase, 28.3% olivine and 6.5% Mg,Al-spinel (Walker et al., 1973) • 
This rock, a spinel-troctolite, is believed to have lost its metal phase 
during magmatic differentiation, hence the low siderophile element 
abundances. Sample 61161.7 represents a soil sample containing 19 ppb Ir 
and 400 ppm Ni (WSnke et al., 1973), subsequent meteoritic contamination 
correction resulted in a negative Ni abundance.
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Figure 7: Plot of nickel (corrected for meteoritic contamination) versus 
magnesium for Apollo 16 highland breccias.
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s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  i s  c l e a r l y  p r e s e n t .  The mean Mg/j^i r a t i o  
of 137 th e re b y  o b ta in e d  i s  e s s e n t i a l l y  i d e n t i c a l  to  th e  Mg/j^ r a t i o  of  115 
c h a r a c t e r i s t i c  of  the  E a r t h ' s  mantle  (Sun, 1982).
2 . 4 . 2  Mare B a s a l t  Source Region
The r e l a t i o n s h i p s  between n i c k e l  c o n t e n t s  of t e r r e s t r i a l  ocean f l o o r  
t h o l e i i t e s  and low-Ti mare b a s a l t s  and t h e i r  co r re s p o n d in g  MgO/(^go + FeO) 
r a t i o s  a re  shown in  F ig u re  8. The s o l i d  l i n e s  d e l i n e a t e  th e  f i e l d  occupied  
by the  ocean ic  t h o l e i i t e s .  The observed  r e l a t i o n s h i p s  a re  caused by 
f r a c t i o n a l  c r y s t a l l i z a t i o n  of  the  r e s p e c t i v e  magmas, accompanied by 
i n c o r p o r a t i o n  of  n i c k e l  i n t o  o l i v i n e s  and pyroxenes .  I t  i s  seen from F ig u re  
8 t h a t  the  c o r re spond ing  p o i n t s  f o r  Apollo  12 b a s a l t s  and a l s o  f o r  Delano 
and L i v i ' s  (1981) v o l c a n i c  g l a s s e s  f a l l  s q u a re ly  in  th e  middle of  th e  
t e r r e s t r i a l  f i e l d  and d i s p l a y  a s i m i l a r  o v e r a l l  t r e n d  f o r  n i c k e l  to  f a l l  as 
the  Mg-number d e c r e a s e s .  The cor respondance  in  n i c k e l  f r a c t i o n a t i o n  
behaviour  in  t e r r e s t r i a l  and lu n a r  b a s a l t  systems (F igure  8) s u g g e s t s  t h a t  
both posse ss  g e n e r a l l y  s i m i l a r  amounts of  n i c k e l  a t  e q u i v a l e n t  s t a g e s  of 
d i f f e r e n t i a t i o n .  This  was the  b a s i s  of  the  c o n c lu s io n  by Ringwood and 
Kesson (1977) and Delano and Ringwood (1978a,b)  t h a t  the  n i c k e l  abundances 
in  the  source  r e g io n s  of t e r r e s t r i a l  ocean ic  t h o l e i i t e s  and low-Ti mare 
b a s a l t s  a re  s i m i l a r ,  " w i th in  a f a c t o r  of  about  two" (Ringwood, 1979).
S ubsequen t ly ,  i t  has become e v i d e n t  t h a t  the  s i t u a t i o n  i s  not  q u i t e  as 
s t r a i g h t f o r w a r d  as i s  sugges ted  by F igu re  8, because  the  a b s o l u t e  
c o n c e n t r a t i o n  of  FeO in  the  l u n a r  mantle  i s  about  tw ice  as high as in  the  
t e r r e s t r i a l  man t le ,  as  d i s c u s s e d  in  S e c t io n  2 .5 .
The n ic k e l  c o n te n t  of o l i v i n e  c r y s t a l l i z i n g  near  th e  l i q u i d u s  (1420°C) 
of  a p r i m i t i v e  l u n a r  v o lc a n ic  Green Glass  (188 ppm Ni) i s  o b ta in e d  in  
Chapter  1. Delano and L in d s ley  (1983) dem ons t ra ted  t h a t  th e  com posi t ions  of 
the Green G lasses  c l o s e l y  approached th o se  of  primary  magmas which had not  
exper ienced  any s i g n i f i c a n t  c r y s t a l  f r a c t i o n a t i o n  en r o u t e  to  the  s u r f a c e .
Terrestr ia l  oceanic 
and continental 
basalts
•  Apollo 12 basalts
£  150
▲ Lunar volcanic 
glasses
100 Mg / ( Mg + LFe )
Figure 8: Nickel versus MgO/(^go + FeO) ratios in Apollo 12 and primitive 
lunar volcanic glasses compared with corresponding field of 
terrestrial ocean floor basalts. The boundaries of the latter are 
shown by the stippled region inside the solid lines. Based on 
Delano and Ringwood (1978a) and Delano and Livi (1981).
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Accordingly, the nickel content of the liquidus olivine should be close to 
that of the olivines in the source region. In Chapter 1 a nickel content of 
828 ppm in the lunar olivine was obtained. This is factor of 3.5 smaller 
than average terrestrial mantle olivines which contain 2900 ppm Ni 
(Archbald, 1979). This implies that mare basalt source regions are actually 
depleted by a factor of 3.5 compared to the Earth's mantle.
Delano (1986) has reached a similar conclusion, based upon a comparison 
of Mg/fli ratios in primitive lunar volcanic glasses and in terrestrial 
basalts. He concluded that the lunar basalt source region was depleted in 
nickel by a factor of about 4 compared to the terrestrial case.
It was previously concluded that the lunar highlands contain a komatiite 
component possessing a Mg/jji ratio which closely resembles that of the 
terrestrial mantle. The komatiites are believed to have been derived from 
deep (> 300 km) in the lunar interior and their source would also have 
possessed a near-terrestrial Mg/j^ i ratio. On the other hand it was shown 
above, that the source region of low-Ti mare basalts is substantially 
depleted in Ni by a factor of 3.5 as compared to the terrestrial mantle. 
This difference could be reconciled if a small amount of nickel-rich metal 
phase crystallized during the major differentiation process which formed the 
anorthositic component of the lunar crust and the underlying zone of 
cumulates which provided the source region of mare basalts. In Section 2.5, 
it is suggested that this metal phase segregated to form a small lunar core.
2.5 The Lunar Core
2.5.1 Geophysical and Geochemical Evidence
Geophysical evidence bearing on the existence of a metallic core in the 
Moon is rather equivocal. Nakamura et al. (197*0 tentatively proposed the 
existence of a low-velocity core based upon the interpretation of a single 
and poorly resolved seismic arrival. Nakamura et al. ( 1976) further state
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that "The radius of a low-velocity (molten) core cannot be greater than 
about 350 Km because normal transmission of P waves to that depth is 
observed". This implies that the core does not exceed more than 2 percent 
of the mass of the Moon. The observed lunar moment of inertia coefficient 
of 1/m r2 = 0.391 ± 0.002 (Blackshear and Gapcynski, 1977) has been used to 
infer the presence of a dense metallic core, but the observation can be 
satisfied equally well by accumulation of subducted late iron-rich cumulates 
(e.g. Ringwood and Kesson, 1976) deep in the lunar interior as discussed by 
Herbert (1980). Some electromagnetic measurements suggest the existence of 
an electrically conductive "core" with a radius of 400-500 km (Russel, 
1984). However, they are not capable of determining whether this structure 
is metallic. Silicate rocks at temperatures close to their solidus could 
yield the inferred electrical conductivity of the "core" (Russel, 1984).
Lunar modelling (e.g. Buck and Toksoz, 1984), based attempts to match 
the observed density, moment of inertia and seismic velocity distributions, 
are consistent with the existence of metallic cores amounting to 1—2% of the 
lunar mass. However, a metallic core is not required by the data and could 
be replaced by a central accumulation of dense, subducted, iron-rich 
cumulates (Herbert, 1980).
Seismic P and S wave velocities, together with petrologic data strongly 
suggest that the lunar mantle contains about 13~16 percent of FeO (Ringwood, 
1977, 1979; Wänke et al., 1977; Goins et al., 1979; Buck and Toksoz, 1980; 
Nakamura et al. , 1982; Delano, 1986). This is about twice as high as the 
terrestrial mantle which contains about 8% FeO (e.g. Ringwood, 1979) and 
implies that the lunar mantle is appreciably denser than the terrestrial 
mantle. In conjunction with the observed mean density of the Moon (3*344 
g/cm3) this places limits on the maximum size of a metallic lunar core. 
Figure 33 in Toksoz et al. (1974) shows that the core would not exceed about
two percent of the mass of the Moon, assuming a plausible range of MgO, 
Si02> CaO and Al 0 contents for the lunar mantle.
2
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New evidence relating to the presence of a lunar core has recently been 
presented Yoder (1984). From a study of the phase shift in the forced 
precession of the lunar figure, he inferred the presence of a liquid core 
with a radius of about 330 km (equivalent to -1.5$ of the lunar mass for an 
Fe-Ni composition).
Recent geochemical evidence also suggests that the Moon may possess a 
small metallic core. Newsom (1984) has pointed out that there is a close 
relationship between the depletion of involatile siderophile elements in the 
Moon and the siderophilic nature of the element. Thus, the sequence W, Co, 
P, Ni, Mo and Re corresponds to increasing siderophile nature. Whereas the 
abundances of W and Co are similar in the Moon and Earth’s mantle, P, Ni, Mo 
and Re are depleted by factors of 2, 3, 30 and 80 respectively. This
pattern can be readily explained if small amounts of a metal phase had 
segregated from the source regions of mare basalts at an early stage, prior 
to the partial melting event which generated the basalts. This may well 
have occurred during the major differentiation which formed the lunar crust 
and the complementary system of underlying mafic and ultramafic cumulates 
and residua which comprise the lunar upper mantle.
It was shown in Section 2.4.2 that the mean concentrations of Ni in 
olivines present in the lunar mantle source region of mare basalts contain 
about ' 30$ of the nickel (828 ppm) present in olivines from the terrestrial 
mantle (2900 ppm). The comparitive depletion of nickel in these regions of 
the lunar mantle is readily explained if about 70$ of the nickel had 
segregated into a metallic core.
Chapter 1 describes an extensive experimental investigation of the
partitions of nickel and cobalt between metal phases, olivines and a
primitive lunar basaltic composition as represented by Green Glass
containing 188 ppm Ni, (Delano, 1986). Olivine (Fo03 ) crystallizing near
the liquidus of the Green Glass at 1420°C contained 828 ppm Ni and this 
composition is believed to be representative of the parental lunar mantle.
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The metal phase in equilibrium with this olivine possessed the composition 
Fe6iNi39 (wt$). At 1200°C, which probably represents a lower temperature 
limit for effective metal segregation during the early lunar 
differentiation, the composition of metal in equilibrium with lunar olivines 
containing 828 ppm Ni was Fe52Nii*8 (wt$). In comparison at 1500°C which 
represents an upper limit the composition would be Fe6*♦. 7Ni 3 5.3 (wt$). It 
is evident, therefore, as previously pointed out by Ringwood (1979), that if 
a metallic lunar core was formed during the early differentiation, it would 
have been nickel-rich.
The behaviour of cobalt provides an independent check on the composition 
of the lunar core. It was shown in Section 2.3 that the cobalt content of 
the lunar mantle is very similar to that of the Earth’s mantle. The olivine 
in the lunar mantle was estimated to contain 127 ppm Co as compared to 136 
ppm Co in olivine from the terrestrial mantle. In Chapter 1 the partition 
of cobalt between lunar olivine and metal phases has been studied. The 
composition of the metal phase in equilibrium with an olivine of lunar 
composition at 1420°C was Fe60. *»Ni 3 8 . eCoi . 0.
Separation of a core containing 1.0 wt$ Co and amounting to about 0.4$ 
of a lunar mass would remove about 40 ppm Co from the olivine of the lunar 
mantle. If lunar olivine were corrected for this loss, it would contain 167 
ppm Co.as compared to 136 ppm Co for terrestrial olivines. When allowances 
are made for the experimental and observational uncertainties in estimating 
the cobalt content of lunar olivine, the agreement can be considered to be 
satisfactory. Thus the cobalt partition relationships are reasonably 
consistent with a model in which the cobalt content of the bulk Moon is 
similar to that of the Earth's mantle. The nickel content of the metal 
segregating to form a lunar core phase also has a significant effect on its 
cobalt content and tends to lower it. For example, in the absence of 
nickel, metal in equilibrium with lunar olivine (127 ppm Co) at 1420°C has
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the composition Fe9 e.4 4C0 1 . 5 6 (Chapter 1). This represents an increase in 
cobalt content by a factor of about 1.6 compared to the Fe-Ni-Co alloy. 
Thus, a low-nickel core would be substantially more effective in removing 
cobalt from the lunar mantle. These considerations demonstrate that the 
cobalt content of the lunar mantle provides an important constraint on the 
composition of the lunar core.
2.5.2 Core Models of Newsom and Drake
Newsom and Drake (1982, 1983) and Newsom (1984) have discussed the 
distributions of Co, Ni, W and P within the lunar interior on the basis of 
the "independent planet" hypothesis of lunar origin. They maintain that 
similarities in abundances of these elements in the Earth's mantle and Moon 
are coincidental and that the lunar abundances can be explained if the Moon 
accreted as an independent planet in the solar nebula. After accretion, a 
"geophysically plausible" lunar core amounting to two percent of the lunar 
mass separated, causing these elements to be depleted in the lunar mantle, 
thereby explaining their observed abundances.
In order to obtain the large required depletions of tungsten and 
phosphorus in the lunar mantle by separation of a small amount of metal 
phase, the partition coefficients for these elements between metal and 
silicate phases must be maximized. This requires a highly restrictive and 
contrived set of relationships between FeO content of the silicate phase, Ni 
content of metal, temperature and degree of partial melting, all of which 
exert a strong influence upon the distribution of tungsten and phosphorus 
between metal and silicate phases. In order to explain the tungsten content 
of the lunar mantle, Newsom and Drake require separation of metal (6% Ni) 
after only one percent partial melting of the silicate phase, assuming that 
the lunar mantle contains about 13% FeO as discussed earlier. (In their 
discussion, Newsom and Drake (1983) explicitly accept the above evidence 
that the FeO content of the lunar mantle is substantially higher than that
of the terrestrial mantle.) In this Chapter however, it was shown that the 
lunar core contains about 40$ Ni, which would reduce the partition 
coefficient of tungsten between metal and silicate by about a factor of 5 
(Rammensee and Wänke, 1977). This would require metal segregation after 
only 0.2 percent of partial melting of the silicates. The physical 
plausibility of separating metal phase at such low degrees of partial 
melting in the relatively small gravitational field of the Moon is open to 
serious question.
Newsom and Drake (1983) attempted to explain the phosphorus content of 
the Moon on the basis of separation of a small core (6$ Ni) at 2$ partial 
melting of the lunar mantle containing about 13% FeO (as implied by seismic 
and petrologic data and accepted by Newsom and Drake). They conceded, 
however, that their model would not suffice if the lunar core possessed a 
high nickel content, as shown in this Chapter. In a subsequent paper, Newsom 
(1984) reinvestigated the problem and acknowledged the difficulties of 
explaining the phosphorus abundances in the lunar mantle.
These are by no means the only problems encountered by the Newsom and 
Drake’s model. The postulated temperature of metal segregation (1300°C) is 
not easily reconciled with the very small degrees of partial melting which 
are required. Their model specifically states that the metal phase contains 
about .7 weight percent of phosphorus. This would surely decrease the 
metal/silicate partition coefficient for tungsten, thereby exacerbating the 
problems referred to earlier.
Newsom (1984) also examined the abundances of Ni and Co in the Moon on 
the basis of the independent planet hypothesis and concluded that a core 
amounting at least to 5.5$ of the lunar mass would be required to explain 
the abundances of these elements in the lunar mantle. This is considerably 
larger than the "geophysically plausible lunar core" referred to in earlier 
papers by Newsom and Drake. As discussed earlier in this section, a core as 
large as this is not permitted if the lunar mantle contains ~13~15$ FeO, as
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implied by seismic and petrologic evidence (Ringwood, 1977, 1979; WSnke et 
al., 1977; Buck and Toksoz, 1980; Nakamura et al., 1982; Delano, 1985). It 
is also in conflict with the conclusion by Nakamura et al. (1976, 1982) that 
normal P-wave transmission occurs to a depth of 1*100 km in the Moon.
It is evident from the above considerations that Newsom and Drake’s 
interpretation of siderophile abundances in the Moon on the basis of the 
independent planet hypothesis cannot be sustained.
2.5.3 The Role of Sulfur
Our previous discussion of the lunar core has neglected the possibility 
that it may contain sulphur as a major component, as suggested for example, 
by Brett (1973). It is well known that the Moon is highly depleted in 
volatile elements and it seems likely that this general pattern also extends 
to sulphur, which is an extremely volatile element in the solar nebula. 
This factor is likely to limit its abundance in the Moon.
If sulphur were an important component of the lunar core, the partition 
coefficients of cobalt, nickel, tungsten and phosphorus between metallic and 
silicate phases would be considerably depressed in comparison with the 
corresponding partition coefficients between sulphur-free metal and 
silicates (Ringwood, 1979; Naldrett and Duke, 1980; Jones and Drake, 1982; 
Newsom -and Drake, 1983). It would then be quite impossible to explain the 
abundances of these siderophile elements in the lunar mantle on the basis of 
the independent planet hypothesis of lunar origin. This fact was obviously 
realized by Newsom and Drake (1983) and Newsom (1984) who assumed in their 
models that the lunar core did not contain significant amounts of sulphur.
If, on the other hand, the Moon had been derived from the Earth’s 
mantle, then the content of sulphur in the Moon would not exceed that of the 
terrestrial mantle, which is estimated to contain about 320 ppm S (Ringwood
and Kesson, 1977). If all of this sulphur had entered a metallic core 
amounting to 0 of the lunar mass, the core would contain about Q% of
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sulphur. This is an upper limit since the lunar mantle has retained a 
significant amount of sulphur as shown by the presence of 1150 ppm S in 
low-Ti mare basalts (Ringwood and Kesson, 1977). It seems quite likely that 
if the Moon had been derived from the Earth’s mantle, the lunar core would 
contain a few percent of sulphur. Sulphur concentrations as low as this 
would not substantially affect the conclusions reached earlier in this 
Chapter.
2.6 The Origin of the Moon
In previous Sections, it was demonstrated that the abundance of cobalt 
in the bulk Moon is similar to its abundance in the Earth's upper mantle. 
Moreover, the Ni/^g and Co/^g ratios of the komatiite component of the lunar 
crust are similar to those in the Earth’s upper mantle.
These similarities are of profound genetic significance. It was pointed 
out in Section 2.1 that the present Co and Ni abundances in the Earth's 
mantle were established by several complex processes connected with 
segregation of the core. It is probable that they are unique to the Earth, 
or to a body of planetary size which has experienced processes of accretion 
and core-formation very similar to those of the Earth. The simplest 
explanation of the above observations is that the material which now 
comprises the Moon was largely derived from the Earth's upper mantle after 
the Earth's core had segregated.
As an alternative hypothesis it has frequently been suggested that the 
Moon accreted as an independent planet in the same general region of the 
parental solar nebula as the Earth and from a common reservoir of metal and 
silicate particles. According to another version of this hypothesis, the 
metal-silicate reservoir was first established within the interiors of a
pre-existing population of chemically differentiated planetesimals. In 
these independent planet (or binary planet) models, it is assumed that an
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appropriate physical fractionation mechanism caused almost complete removal 
of metal from the local region in which the Moon was accreting. This is 
necessary in order to explain the small size of the lunar core in comparison 
to the large metallic core in the Earth, and the related observation that 
the Moon is depleted in iron compared to its primordial abundance, whereas 
the iron abundance in the Earth is similar to the primordial or solar value, 
appropriately normalized.
The mechanisms which have been proposed as causes of this iron- 
fractionation have been rather vague and speculative. Orowan (1969) 
suggested that the differential ductility and strength of iron compared to 
silicates would result in iron grains welding together to form relatively 
large planetesimals during collisions within a geocentric swarm, whilst 
silicates would be fragmented into fine dust which might be preferentially 
enriched in the circumterrestrial swarm from which the Moon ultimately 
formed. Several authors (e.g. Ruskol, 1977) have suggested variations on 
this theme. It seems very doubtful, however, whether these processes could 
operate with the extremely high efficiences necessary to explain the paucity 
of metal in the Moon.
Harris and Tozer (1967) invoked ferromagnetic properties of metal grains 
to explain their preferential aggregation and accretion by the Earth and 
corresponding depletion in the Moon. However Banerjee (1967) demonstrated 
that the mechanism was inadequate (by a factor of 10**) to cause the desired 
aff ects.
Another attempt to explain the depletion of iron in the Moon has been 
based on models of disintegrative capture (e.g. Wood and Mitler, 1974). It 
is assumed that a large proportion of planetesimals within the inner solar 
system melted and differentiated to form metallic cores overlain by silicate
mantles. The differentiation is believed to be analogous to that
experienced by the parent bodies of eucrites, pallasites and iron
meteorites. At an advanced stage of accretion of the Earth, some of these
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differentiated planetesimals passed within Roche's limit and were tidally 
disrupted. It is assumed that the silicate mantles of these objects were 
captured into geocentric orbits whilst the iron cores accreted directly on 
to the Earth. The Moon then formed by coagulation of the Earth-orbiting 
silicate fragments.
This hypothesis encounters severe dynamical difficulties which greatly 
decrease its plausibility (e.g. Kaula and Harris, 1975). Also, recent 
studies show it is improbable that the Earth-approaching planetesimals would 
spend enough time within Roche's limit to permit tidal disruption (Mizuno 
and Boss, 1984).
In addition to the difficulties mentioned above, those hypotheses which 
rely on the physical fractionation of iron from silicates to explain the 
Moon's low density encounter a further very formidable problem. They imply 
that the chemical compositions of the metal phases accreted by the Earth and 
Moon should be identical. Accordingly, the compositions of the respective 
metallic cores should be generally similar, except where they have been 
modified by internal processes (e.g. incorporation of light element(s) in 
the Earth's core).
There are strong grounds for believing that the Earth accreted from 
material possessing approximately chondritic relative abundances Mg, Fe, Ni 
and Co (e.g. Ringwood 1975a, 1979). Accordingly it can be shown that the 
Earth's core contains about 6% of nickel and 0.3% of cobalt. In contrast, 
the evidence discussed in this Chapter implies that the lunar core contains 
about 4056 of nickel and about 1.0% of cobalt. If the nickel content were 
smaller than 4056, the cobalt content would be correspondingly higher, in the 
range of 1.4 -2.1/6 for a nickel free core separating at 1500-1200°C 
calculated on the basis of parameters given in Chapter 1.
These drastic differences between the compostions of the metallic phases
present in the interiors of the Earth and Moon are not explained by any of 
the current versions of the independent planet hypothesis.
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Attempts to relate the composition of the lunar mantle to the
composition of the mantles of differentiated meteoritic parent bodies are
contradicted by the observed compositions of these bodies. Differentiation
in the small meteoritic parent bodies seems to have a comparatively simple
process in which equilibrium was attained between metal and silicate phases
(e.g. Stolper, 1977). In consequence, the nickel and cobalt contents of
eucrites and of olivines in pallasites are very low and stand in sharp
contrast to the "Earthlike" values characteristic of the lunar interior
(Table 2). Moreover the vast majority of meteoritic irons and all
pallasites are much poorer in nickel than the lunar core.
Table 2 : Abundances of cobalt and nickel in silicates from the
terrestrial upper mantle, differentiated meteorites and
from primitive lunar volcanic glass.
Silicate Ni Co Ni/Co Ref.
Olivine from Earth's upper mantle 2900 136 21 1 ,8
Olivine from pallasite 29 9 3.2 2
Olivine from lunar mantle 828 127 6.5 2
Primitive terrestrial oceanic 
tholeiite
200 41 4.9 3
Average eucrite 3.5 8 0.4 4
Primitive lunar volcanic glass 188 75 2.5 5,6
Average low-Ti mare basalt 59 51 1 .2 3,4
Average terrestrial tholeiite 75 43 1 .7 3,4
C1 chondrites 10964 502 21 .8 7
References : 1. Archbald (1979)
2. Chapter 1
3. Ringwood and Kesson (1977)
4. Delano and Ringwood (1978a,b)
5. Delano (1986)
6. Ma et al. (1981 )
7. Anders and Ebihara (1982)
8. Stosch (1981)
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A different version of the binary or independent planet hypothesis of 
lunar origin has been preferred by Anders (1977). According to his 
cosmogony (which is based on an interpretation of the chemical 
fractionations observed in chondritic meteorites), the terrestrial planets 
were formed from mixtures of several components in the solar nebula, 
including high temperature condensates (Ca, A1 oxides), intermediate 
temperature condensates (Mg silicates), Fe-Ni metal phase and low- 
temperature condensate (volatile-rich and oxidized). It is postulated that 
these components were fractionated from each other by undefined physical 
processes, after which they accreted into planets. In the case of the Moon, 
it is assumed that accretion occured from an appropriate mixture of silicate 
and oxide condensates, but that the metal phase was severely depleted, 
presumably by an extension of the same process which caused the marked 
depletions of metal in the L and LL groups of chondrites. Despite the
numerous degrees of freedom of this hypothesis it retains some testable 
consequences by virtue of its reliance on chondritic fractionation processes 
for empirical justification. Chondritic meteorites display a specific 
relationship between the FeO/(peo + MgO) ratio of their silicate phases and 
the Ni/pe ratio of coexisting metal phase. This relationship expressed as 
Prior's second "law" is maintained irrespective of the degree of physical 
separation of the metal phase, as in L and LL chondrites (It is a general 
relationship, arising simply from the fact that nickel is much more readily 
reduced to the metallic state than iron). Thus, if planets and the Moon 
have formed by the processes advocated by Anders (1977), they should also 
conform to Prior's rule. This would require that if the lunar core 
contained about ^0^ Ni, the silicates of the lunar mantle would possess 
Mg-numbers between 60 and 70 depending on the sulfur content of the core. 
It can readily be demonstrated that Mg-numbers in this range would lead to 
densities for the lunar mantle which are substantially higher than observed. 
Moreover, they are in conflict with the Mg-numbers in the lunar mantle
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im p l i e d  by th e  com posi t ions  of  p r i m i t i v e  mare b a s a l t s  (Ringwood, 1979;
Delano and L i n d s l e y ,  1983).
2 .7  C onc lus ions
1 . The abundance of  c o b a l t  in  t h e  l u n a r  mantle  i s  s i m i l a r  t o  t h a t  i n
the  E a r t h ’ s m a n t le .
2. The abundance of  n i c k e l  in  t h e  r e g io n  of  the  l u n a r  mantle  which was 
p a r e n t a l  to  mare b a s a l t s  and v o lc a n i c  g l a s s e s  was d e p l e t e d  by a 
f a c t o r  of  about  3 .5  compared t o  th e  E a r t h s ’ man t le .
3. The abundance of  n i c k e l  in  th e  r e g io n  of  the  l u n a r  mantle  which was 
p a r e n t a l  to  th e  i n f e r r e d  k o m a t i i t e  component of  the  l u n a r  c r u s t  i s  
s i m i l a r  t o  t h a t  of  the  E a r t h ’ s m an t le .
4.  These i n f e r e n c e s  cou ld  be e x p l a in e d ,  i f  d i f f e r e n t i a t i o n  of  the  o u t e r  
r e g io n s  of  the  Moon was accompanied by s e g r e g a t i o n  of  a smal l  
n i c k e l - r i c h  m e t a l l i c  c o r e .  The source  r e g io n  of  the  lu n a r  
k o m a t i i t e s  may have been s i t u a t e d  a t  g r e a t e r  dep th  and a c c o r d in g ly  
d id  no t  p a r t i c i p a t e  i n  th e  e a r l y  g lo b a l  d i f f e r e n t i a t i o n .
5. E qu i l ib r ium  c o n s i d e r a t i o n s  d i c t a t e  t h a t  the  metal  co re  which
s e g re g a t e d  dur ing  d i f f e r e n t i a t i o n  of  the  o u t e r  r e g io n s  of  the  Moon 
c o n t a i n s  about  4056 Ni and \ %  Co. The e x i s t e n c e  of  a small  m e t a l l i c  
core  in  the  Moon i s  su p p o r ted  by p rev ious  s t u d i e s  on the  P, Mo and 
Re abundances in  th e  l u n a r  mantle  (Wänke e t  a l . ,  1983; Newsom,
1984).
6. The Ni and Co abundances of  the  E a r t h ' s  mantle r e s u l t  from the  
o p e r a t i o n  of  s e v e r a l  complex p ro ces s e s  a s s o c i a t e d  with  th e  
fo rm a t io n  of  a l a r g e  m e t a l l i c  co re  in  a p l a n e t a r y  s i z e d  body.
These p ro cesse s  cou ld  have no t  o p e ra t e d  in  th e  same manner i n  th e
p a re n t  bod ies  of d i f f e r e n t i a t e d  m e t e o r i t e s  or  w i th in  th e  Moon.
The close relationships between the Ni and Co abundances in
the Moon and the Earth's mantle strongly suggests that a large 
portion of material now in the Moon was derived from the Earth's 
mantle subsequent to separation of the of the Earth's core.
Current hypotheses according to which the Moon was formed as a 
binary or independent planet fail to explain:
• The high indigenous concentrations of Ni and Co in the 
lunar mantle and crust.
• The high Ni and Co contents of the lunar core.
The similarity in abundances of Ni and Co between major 
geochemical provinces of the Moon and the Earth's mantle.
• The evidence that the composition of the lunar core differs 
grossly from that of the Earth's core.
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CHAPTER 3: The Lunar Geochemistry of Chromium and Vanadium 
3.1 Introduction
Several authors have demonstrated that chromium and vanadium are 
depleted in the Earth’s upper mantle as compared to their primordial 
abundances in C1 chondrites (e.g. Ringwood, 1966; Ringwood and Kesson, 1977; 
Jagoutz et al., 1979; Sun, 1982). The most reliable estimates of the
abundances of Cr and V in the upper mantle are probably those of Sun (1982), 
and are based upon a study of the composition of the source region of 
primitive MORBs and komatiites. When normalized in relation to magnesium 
abundances, the Cr/^g and V/^g ratios in the upper mantle are found to be 
respectively 0.^9 and 0.61 of the corresponding C1 ratios. Note that these 
values differ slightly from those given by Sun (1982) owing to the inclusion 
of more recent and accurate data on the abundances of Cr and V in Cl 
chrondrites (Anders and Ebihara, 1982).
Ringwood (1966) suggested that the terrestrial mantle depletions of Cr 
and V had been caused by their partial entry into the Earth's core. 
Ringwood and Kesson (1977) also considered that the depletion of Cr might be 
related to its volatility. Dreibus and Wänke (1979) and Wänke et al. (1978) 
subsequently pointed out that the depletion of vanadium could not be 
ascribed to volatility, since V is a member of the involatile "high 
temperature condensate" group of elements under cosmochemical conditions. 
Moreover thermodynamic studies (Grossman and Larimer, 197*1; Grossman and 
Olson, 197*0 showed that Cr was not notably volatile and should condense 
from the solar nebula at similar or higher temperatures than Mg. In 
accordance with the latter studies, Dreibus and Wänke (1979) and Wänke et 
al. (1978) pointed out that despite substantial fractionations of Mg from Si 
in the various groups of chondrites, their Mg/Qr ratios were relatively 
constant; moreover, Cr was not depleted in the parent body of eucrite
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meteorites which has experienced much stronger depletions of many volatile 
elements than the Earth's mantle. Accordingly, Dreibus and Wänke (1979) 
concluded that the mantle depletions of Cr and V were caused not by 
volatility, but by partial entry into the Earth’s core. Subsequent 
experimental investigations by Brey and Wänke (1983) and Rammensee et al. 
(1983) showed that Cr and V are appreciably siderophile at temperatures 
above 1500°C at redox states appropriate for the Earth’s mantle. For 
example, the distribution coefficients for Cr between an iron-nickel alloy 
and olivine (Fo 84) at temperatures between 1550 and 1700°C is about 1.7 
(Brey and Wänke, 1983) and for Cr and V between Fe90Nii0 metal and 
tholeiitic melt at log f02= “10 and 1600°C are 0.38 and 0.19, respectively 
(Rammensee et al. 1983). The likelihood of Cr and V entering the core is 
enhanced by the fact that both of these elements are known to form oxides 
possessing metallic bonding (Cr30, VO, V203 McCammon et al., 1983). At 
high temperatures (>2000°C), these are likely to be soluble in molten iron, 
following the arguments of Ringwood (1984).
The array of evidence cited above strongly supports Dreibus and Wänke’s 
contention that the depletions of Cr and V in the Earth's mantle arise from 
their appreciable siderophile character which has caused their partial entry 
into the core. Several workers have concluded from studies of the 
comparative siderophile element geochemistry of the Earth’s mantle and Moon 
that the Moon was formed mainly from material derived from the Earth's 
mantle after the terrestrial core had segregated (e.g. Ringwood and Kesson, 
1977; Wänke et al., 1977; Wänke and Dreibus, 1982; Ringwood, 1986; Ringwood 
and Seifert, 1986). If this were the case, Cr and V would be expected to 
display similar depletions (relative to Mg) in the Moon. Dreibus and Wänke 
(1979) and Wänke et al. (1978) have argued that this indeed is the case, 
based upon their model for the petrogenesis of the lunar highlands. Delano
(1986) also showed from the compositional systematics of primitive lunar 
volcanic glasses that the Mg/cr ratio of their source region is similar to
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that of the Earth's mantle. Ringwood and Kesson (1977) obtained the same 
result using a different data set.
Although these conclusions are strongly suggestive, they are not 
completely decisive. To some degree, they are model dependent. Moreover, 
they require knowledge of the partition coefficients for chromium and 
vanadium between olivine, orthopyroxene and lunar basaltic liquids at 
appropriate redox states. There is an abundance of data on the relevant 
partition coefficients of Cr under conditions of iron-saturation (Green et 
al. 1971a and 1971b). However, Delano (1980) has pointed out that the lunar 
interior, (although substantially more reduced than the terrestrial mantle) 
may nevertheless be significantly more oxidized than would occur under 
conditions of iron-saturation. In the case of vanadium, very few partition 
coefficient data of any kind are available, apart from a few reconnaissance 
measurements by Ringwood and Essene (1970) under conditions of iron 
saturation.
Delano (1979, 1986) has shown that the volcanic Green Glasses were
erupted from deep in the lunar interior and were rapidly quenched at the 
surface with negligible fractionation en route. Accordingly, they are 
likely to have preserved a record of the redox state of their source 
regions. This is constrained by two factors. As shown in Chapter 2 the 
source’ region of most primitive Green Glasses was probably in equilibrium, 
not with pure iron, but with a metallic phase containing about 40$ of 
nickel, which subsequently segregated into the lunar core, during the early 
lunar differentiation which formed the anorthositic lunar crust and the 
underlying mafic and ultramafic cumulates and refractory residua. This 
means that the corresponding oxygen fugacity in the lunar interior is higher 
by 0.5 log units than pure iron saturation would demand. Moreover, the low 
Fe3+/Fe2+ ratio of Green Glass of around 0.01 (derived from Mössbauer
studies by Burns and Dyar (1983)), corresponds to a log f02 = -10.6 at 
1420oC, the liquidus temperature of Green Glass at atmospheric pressure, and
76
lo g  f 0 2 = ~9.95 at  1500°C, which i s  b e l ieved  to  be the approximate the  
l iq u id u s  temperature of  Green Glass under lunar i n t e r i o r  con d i t ion s  (Green 
and Ringwood, 1973)* The above oxygen fu g a c i t y  e s t im ates  are based on a 
formula provided by Sack e t  a l . (1980) and are c o n s i s t e n t  with the oxygen 
f u g a c i t y  of  the lunar i n t e r i o r  being s im i lar  to  than that  imposed by 
equil ibr ium with a Fe6oNi 4 0 metal phase,  ( lo g  f 0 2 = -10.31 and - 9 . 3 3  at  1*100 
and 1500°C r e s p e c t i v e l y  (Chapter 1) .
Accordingly ,  i t  seemed appropriate to  measure the p a r t i t i o n  c o e f f i c i e n t s  
of Cr and V between Green Glass l i q u i d  and i t s  n ear- l iq u id us  o l i v i n e  and 
orthopyroxene under con d it ion s  where the oxygen fu g a c i ty  i s  buffered by a 
metal phase p o s se s s in g  a composit ion c l o s e  to  F e 6oNi«,o.
3.2  Experimental
Experimental procedures were s im i la r  to  those  p rev ious ly  employed by 
Green e t  a l . ,  1971a,b; Green and Ringwood 1973, for example, and are
descr ibed  in greater d e t a i l  in Chapter 1. Experiments determining the  
d i s t r i b u t i o n s  of  Cr and V between l iq u id u s  o l i v i n e  and Green Glass were 
conducted in Fe6oNi40 a l l o y  c r u c i b le s  and in conta iners  made from spec-pure  
iron rods.  The s p e c i f i c  Green Glass corresponded to  the most p r im it ive  
composit ion s tud ied  by Delano and Livi  (1981) and i s  given in Table 1. In 
preparing t h i s  s t a r t i n g  m a ter ia l ,  Ti02 was omitted to avoid any p o te n t ia l  
in te r fe r e n c e  with vanadium during microprobe a n a l y s i s .  The amount of  Cr in  
the Green Glass mix was maintained at 0.5*1 wt$ Cr20 3 (a f t e r  Delano and L iv i ,  
1981) whereas the amount of  V was cons iderably  enhanced to  0.*47 wt$ V20 3 as 
compared to  the average abundance of  0.024 wt$ V20 3 in Apollo 15 Green Glass  
(Ma e t  a l . ,  1981) in order to  be w el l  above the a n a ly t i c a l  l i m i t  of  
d ete c t io n  for  V20 3 (0.01 w t $ ) . A t o t a l  of  6 experimental  runs aimed at
determining o l i v i n e / l i q u i d  p a r t i t i o n i n g  were carr ied  out at  0 .5  GPa, 1420°C 
for periods of  time between 60 and 120 minutes.  Additional runs were
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conducted  a t  lower t e m p e ra tu r e s  in  o rd e r  t o  de te rmine  th e  t e m p e ra tu r e  a t  
which s p i n e l  appea red .
Table 1: Chemical Compos it ion  of  Apollo  14B Green G lass  ( a f t e r  Delano 
and L i v i ,  1981) used f o r  Cr,V p a r t i t i o n i n g  exper iments
Oxide wt$
S i 0 2 114.80
T i 0 2 0.45
A120 3 7.14
Cr20 3 0.54
FeO 19.80
MnO 0.24
MgO 19.10
CaO 8.03
Tota l 100.10
A f te r  quenching th e  runs  the  c r u c i b l e s  were cut  l e n g th w is e  i n t o  two
s e c t i o n s ,  mounted in  epoxy and p o l i s h e d .  The run p roduc ts  a t  1420°C
c o n s i s t e d  of  o l i v i n e  and g l a s s .  In a d d i t i o n ,  s p i n e l  was observed  as  the
second phase a p p e a r in g  a t  a t e m p e ra tu r e  of  1320°C. Analyses of  o l i v i n e  and
g l a s s  were c a r r i e d  out  by CAMECA Camebax microbeam e l e c t r o n  probe u s ing  San
C ar lo s  o l i v i n e  as a check f o r  major element c a l i b r a t i o n  f a c t o r s  and
s y n t h e t i c  C r20 3 and V20 3 were used as  s t a n d a r d s  f o r  Cr and V. Analyses  of
the g l a s s  were o b t a in e d  from r e g io n s  wel l  removed from any quench o l i v i n e .
C r i t e r i a  f o r  o b t a i n i n g  a n a l y s e s  which a r e  b e l i e v e d  t o  r e p r e s e n t  e q u i l i b r i u m
c o n d i t i o n s  a r e  d i s c u s s e d  in  more d e t a i l  in Chapter  1 . At l e a s t  20
microprobe a n a l y s e s  were c a r r i e d  out  on each phase in  a l l  of the  ru n s .
R e s u l t s  were in  c l o s e  agreement.  There i s  no app a re n t  d i f f e r e n c e  between
r e s u l t s  o b ta in e d  from exper iments  of  e i t h e r  60 or  120 minutes d u r a t i o n ,
which s u g g e s t s  t h a t  e q u i l i b r i u m  has been ach ieved .  Moreover, t h e r e  i s  no
s i g n i f i c a n t  e f f e c t  due t o  the  use of  Fe ve rsus  FeeoNKo c r u c i b l e s .  Using
the  expe r im en ta l  d a t a  th e re b y  o b ta i n e d ,  p a r t i t i o n  c o e f f i c i e n t s  f o r  Cr ,  Fe,
Mn, Mg and Fe between o l i v i n e  and l i q u i d  were c a l c u l a t e d .  Average va lues
f o r  th e s e  p a r t i t i o n  c o e f f i c i e n t s  t o g e th e r  with  t h e i r  u n c e r t a i n t i e s  a re  
l i s t e d  in  Table 3.
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Experiments were also conducted to obtain the corresponding partition 
coefficients for these elements between orthopyroxene, clinopyroxene and 
Green Glass. It was found to be more convenient to equilibrate
orthopyroxene and clinopyroxene separately with olivine, thereby obtaining 
the relevant 01/0px and 01/Cpx partition coefficients and to use these 
values to calculate the respective Opx/liquid and Cpx/liquid partition 
coefficients from the ol/liquid data.
A mixture equivalent to 50$ olivine plus 50% orthopyroxene was prepared 
using standard procedures. The composition of both phases was that of the 
coexisting phases crystallizing from Green Glass at 1.5 GPa and 1*J20°C as 
found by Green and Ringwood (1973)* The olivine-orthopyroxene mixture was 
run at 1.5 GPa at 1550°C for 75 minutes in an Fe6oNii»o alloy crucible 
yielding a polycrystalline aggregate with a mean crystal size of 8 pm. As a 
rule, 20 microprobe analyses were obtained for each phase. Average values 
for the compositions of coexisting olivine and orthopyroxene are given in 
Table 2, and the resultant olivine/orthopyroxene partition coefficients for 
Cr, Fe, Mn, Mg and V together with their uncertainties, are listed in Table 
3.
Similar procedures were used to obtain partition coefficients between 
olivine and clinopyroxene. A starting mixture was made up equivalent to a 
mixture of 50$ olivine plus 50$ clinopyroxene with compositions
corresponding to those of olivine and clinopyroxene crystallizing from 
Apollo 12 basalt 12009 (Green et al. (1971)). The mixture was run at 0.7 
GPa, 1250°C for 60 and 120 minutes. Results are listed in Tables 3 and 4.
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Table 2: Average bulk com pos i t ion  of  c o e x i s t i n g  o l i v i n e / l i q u i d , o l i v i n e /  
o r thopyroxene  and o l i v i n e / c l i n o p y r o x e n e
Ut% o l i v i n e  : l i q u i d o l i v i n e o r thopx o l i v i n e c l in o p x
S i 0 2 39.9 44.8 38.8 53-7 38.0 51 .0
(0 .5 )* (0 .7 ) (0 . 6 ) (0 . 8 ) (0 .7 ) (0 .5 )
A120 3 0.33 7.2 0.14 1 .6 0.17 3.09
( 0.01 ) (0 .15) (0 .05) (0 .05 ) (0 . 06 ) (0 . 2 )
C r  20 3 0.33 0.58 0.39 0.62 0.29 0 .49
( 0 . 0 2 ) (0 .03) (0.01 ) (0 . 0 2 ) (0 . 0 2 ) (0 .04 )
FeO 18.0 21 .0 18.6 11 .6 22.8 14.2
( 0 .3 ) (0 .5 ) (0 .3 ) (0 .4 ) (0 .54) (0 . 6 0 )
MnO 0.17 0.25 0.14 0 .13 0.35 0.34
( 0.01 ) (0.01 ) (0 . 01 ) (0.01 ) (0 . 0 2 ) (0 . 0 2 )
MgO 41 .1 17.8 41 .4 30.0 38.3 25.4
( 0 .5 ) (0 .3 ) (0 .3 ) (0 .4 ) ( 1 . 0 ) (0 .9 )
CaO 0.45 8.3 0.41 1 .6 0.42 4.8
(0 .0 3 ) (0 . 2 ) (0 . 02 ) (0 .04 ) (0 . 0 6 ) (0 . 2 )
V(ppm) 1200 3700 2270 4530 2052 5685
( 100) (151 ) (145) (310 ) (528 ) (494)
* The va lu e s  in  p a r e n t h e s e s  r e p r e s e n t  t h e  measured u n c e r t a i n t i e s  
of  each ox ide  or  element as d e r iv e d  from microprobe a n a l y s i s
Table  3: Mean o l i v i n e / o r t h o p y r o x e n e  and o l i v i n e / c l i n o p y r o x e n e  p a r t i t i o n  
c o e f f i c i e n t s  f o r  Cr,  Fe,  Mn, Mg and V
o l i v i n e / o r t h o p y r o x e n e  o l i v i n e / c l i n o p y r o x e n e
D(Cr) 0.63  ± 0.01 
D(Fe) 1.66 ± 0 .18 
D(Mn) 1.06 ± 0 .09  
D(Mg) 1.35 ± 0.15
0.60 ± 0.09  
1.61 ± 0.11 
1.02 ± 0.14 
1.51 ± 0.10
D (V) 0.50 ± 0 .06 0.36 ± 0.14
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Table 4: Mean olivine/ liquid, orthopyroxene/liquid and clinopyroxene/ 
liquid partition coefficients for Cr, Fe, Mn, Mg and V
ol/liq1 opx/liq2 cpx/liq3
D(Cr) 0.57 ± 0.03 0.90 0.95
D(Fe) 0.86 ± 0.04 0.52 0.53
D(Mn) 0.68 ± 0.05 0.64 0.67
D (Mg) 2.31 ± 0.10 1 .71 1 .53
D (V ) 0.32 ± 0.02 0.64 0.89
1 Experimentally determined
2»3 Calculated using data from Table 1 and Table 2
3.3 Discussion
In terrestrial basaltic magmas, chromium and vanadium occur 
predominantly as trivalent species and their fractionations are governed 
primarily by their entry into spinels and pyroxenes. During partial melting 
of the parental mantle, most of the chromium remains in the refractory 
residuum, locked in spinel crystals, whereas vanadium predominantly enters 
the basaltic melts. During crystallization of the basalts, Cr and V 
preferentially enter early pyroxenes, and hence their abundances decrease as 
crystallization of the magma progresses (e.g. Wager and Mitchell, 1951).
However these elements behave differently in the Moon because of the 
more reducing conditions which prevail (Sato 1976, Sato et al. 1973). It is 
thought that a substantial, or even a major proportion of chromium and 
vanadium are present as divalent species (e.g. Akella et al. 1976, Huebner 
et al. 1976, Schreiber and Haskin 1976). The ionic radii of Cr2+ and V2+ are 
similar to those of Fe2+ (Table 5) and hence they would readily able to 
enter olivine. They also continue to enter pyroxenes but the crystal/liquid 
partition coefficients for Cr and V2 in pyroxenes seem to be smaller than
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th o s e  f o r  C r 3+ and V3+ (eg .  Ringwood, 1975, 1976; Ringwood and Essene ,
1970).
I t  i s  a l s o  e v id e n t  t h a t  a s i g n i f i c a n t  f r a c t i o n  of  t r i v a l e n t  Cr and V 
s p e c i e s  occur i n  th e  Moon s i n c e  th e  f i r s t  s p i n e l s  c r y s t a l l i z i n g  from l u n a r  
mare b a s a l t s  t y p i c a l l y  c o n t a i n  about  50^ Cr20 3 and 1$ V20 3 (Green e t  a l . ,  
197 1 a ,b ) .  However, because of  the  more r educ ing  c o n d i t i o n s  in  t h e  Moon, 
s p i n e l  b ea rs  a l e s s  im por tan t  r o l e  in  b a s a l t  p e t r o g e n e s i s  than  in  t h e  E a r t h .
Table  5: E f f e c t i v e  i o n i c  r a d i i  of  Mg, Fe,  Cr,  and V in 6 - f o l d  
c o o r d i n a t i o n  (from Shannon,  1976)
Cat ion r  (°A ) C at ion r  (J )
A l3 + 0.535
Cr2 + 0.80 C r 3 + 0.615
Fe2 + 0.78 F e 3 + 0.55
Mg2 + 0.72
Mn2 + 0.83
V2 + 0.79 V3 + 0.64
This  p a r t i a l  s u p p re s s io n  of  s p i n e l  c r y s t a l l i z a t i o n  has im por tan t  
i m p l i c a t i o n s  f o r  e s t i m a t e s  of  the  l u n a r  abundances of Cr and V, as d i s c u s s e d  
in  S e c t io n  3 .4 .  The ex p e r im en ta l  r e s u l t s  showed t h a t  s p i n e l  was no t  a 
l i q u i d u s  phase in  th e  Green Glass  com pos i t ion ,  e i t h e r  a t  i r o n  s a t u r a t i o n ,  or 
under more o x i d i z i n g  c o n d i t i o n s  c o r re spond ing  t o  e q u i l i b r i u m  wi th  a metal  
phase FeeoNim). For example,  a t  0 .5  GPa, the  l i q u i d u s  phase of  Green Glass  
a t  1420°C i s  o l i v i n e .  As t e m p e ra tu r e s  d e c re a s e ,  o l i v i n e  c o n t in u e s  to  
c r y s t a l l i z e  and th e  com posi t ion  of  the  l i q u i d  approaches  t h a t  of a p r i m i t i v e  
mare b a s a l t .  S p ine l  f i r s t  appea rs  a t  a t e m p era tu re  of  1320°C. In a t y p i c a l  
p r i m i t i v e  l u n a r  b a s a l t  (12009) ,  o l i v i n e  i s  the  l i q u i d u s  phase a t  1230°C a t  
a tm ospher ic  p r e s s u r e  and i s  j o i n e d  by s p i n e l  a t  1210°C (Green e t  a l . 1971b).  
As p r e s s u r e  i n c r e a s e s ,  the  e n t r y  of  s p i n e l  i s  dep res sed  f u r t h e r  below th e
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liquidus. Similar behaviour is displayed by other mare basalts (Green et 
al. 1971a).
The behaviour of chromium in the petrogenesis of mare basalts is 
depicted in Figure 1 (from Delano, 1979). This shows a plot of Cr abundances 
versus 100 Mg/(Mg+Fe) ratios (henceforth "Mg numbers"). The least 
fractionated magmas possessing the highest Mg numbers are the Green Glasses, 
containing about 4000 ppm Cr. As the Mg number decreases, chromium levels 
initially increase, showing that the crystallizing phases contain less 
chromium than the parental magma, and consequently, cannot consist of 
spinels and/or pyroxenes. It is only when the Mg number of mare basalts 
falls to about 50 that the chromium content also begins to fall with
increasing fractionation. This probably marks the stage where clinopyroxenes 
and spinel begin to crystallize, thereby depleting the residual magma in 
chromium (Tables 3 and 4).
The above considerations strongly imply that spinel was not present as a 
residual refractory phase in the source region in the lunar mantle from
which Green Glass magmas and other relatively primitive mare magmas were 
derived. The geochemical implications of this conclusion are further 
discussed in Section 3.4.
The partition coefficients of Cr, V, Fe, Mn and Mg between Green Glass 
magma, olivine and orthopyroxene are given in Table 4. It is seen that
except for Mg, they are generally similar and mostly between 0.5 and 1.0,
demonstrating the compatible nature of these elements in lunar basalt 
petrogenesis. This is fortunate, since it implies a high degree of 
coherence during the early stages of magmatic fractionation, which in turn 
permits comparatively accurate measurements of relevant abundance ratios 
(e.g. MnO/FeO, CrO/FeO, VO/FeO) to be made.
The well known coherence of MnO and FeO in lunar rocks (Figure 2 after 
Laul et al., 1974) arises from the similar partition coefficients for FeO 
and MnO in olivines and pyroxenes (Table 4) and permits an accurate estimate
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Figure 1: Chromium content of Apollo 12 mare basalt and Apollo 15 Green
Glasses versus Mg numbers (from Delano, 1979; Figure 15).
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Figure 2: Correlation between MnO and FeO for lunar highland breccias, mare 
basalts and soils (from Laul et al., 197*1; Fig 5). Note MnO values 
shown for C1 chondrites, eucrites and howardites are about 0.1wt^ 
higher (G.Dreibus, pers. comm., 1987)
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of the bulk lunar MnO/FeO ratio (Laul et al. 1972).
Abundances of CrO and FeO in lunar highland breccias are shown in Figure 
3. It is seen that these components are strongly correlated over wide 
concentration ranges. Moreover the CrO/FeO ratio of Green Glass falls 
directly upon the correlation line. Corresponding VO/FeO plots in lunar 
highland breccias and soils are shown in Figure These correlations are
also very strong, extending over a wide concentration range, and extrapolate 
close to the datum point for Green Glass.
Figures 2, 3 and H demonstrate that the lunar highland breccias (and 
soils) contain a major mafic component possessing CrO/FeO, VO/FeO and 
MnO/FeO ratios which are identical to these same ratios in the most 
primitive basalts erupted from the lunar interior. In contrast, the 
corresponding plots for CrO/FeO and VO/FeO ratios in mare basalts diverge 
widely from the above trends (Figures 5 and 6). This is a consequence of 
the more evolved petrologic fractionation of most mare basalts, influenced 
by the crystallization of spinel and clinopyroxene which possess quite 
different Cr, V crystal/liquid partition coefficients to olivine and 
orthopyroxene (Table 6). It is clear that clinopyroxenes and spinels have 
not been involved in the fractionation processes responsible for the 
formation of the primitive mafic component now in the lunar crust. The 
identity of these key ratios in the lunar crust and in primitive Green Glass 
strongly suggests that they are of global geochemical significance in the
Moon.
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Figure  3: C o r r e l a t i o n  between CrO and FeO f o r  Apollo 15, 16 and 17 h ig h lan d  
b r e c c i a s  and s o i l s .  Note t h a t  t h e  co r respond ing  p o in t  f o r  l u n a r  
g reen  v o l c a n i c  g l a s s  i s  c o n s i s t e n t  with  th e  c o r r e l a t i o n .  The CrO 
v e r s u s  FeO r e g r e s s i o n  l i n e  i s  based  s o l e l y  on d a ta  from h ig h lan d  
b r e c c i a s .  Data sources  a r e  i n d i c a t e d  by a s t e r i s k s  in  the  r e f e r e n c e  
l i s t .  The Apollo  15 Green G lass  average  value was taken  from Ma e t  
a l .  (1981) .
Table 6: Cr,V clinopyroxene/liquid and spinel/liquid partitioning 
coefficients determined in lunar basaltic composition at 
oxygen fugacities close to Fe-saturation
Clinopyroxene Spinel
Cr 1 1 , 22 , 2.33,3.5** 441, 77 \  50-1005»
V 0.91, 3-44 251, 384
data source:
1 This Chapter
2 Schreiber and Haskin (1976)
3 Huebner et al. (1976)
4 Ringwood and Essene (1970)
5 Akella et al. (1976)
3.4 Chromium and Vanadium Abundances in the Moon 
3.4.1 The Lunar Crust
It is widely believed that a large region of the Moon extending to a 
depth of 400 km or more, experienced extensive melting and differentiation 
during, or soon after accretion (e.g. Taylor, 1982). One of the products 
was the plagioclase-rich lunar crust with a mean thickness of about 70 km.
The predominant rock types occurring in the upper regions of the lunar 
highland crust consist of a suite of breccias with compositions ranging 
between anorthosite, gabbroic anorthosite and anorthositic gabbro. The mean 
composition of the upper crust as estimated by Taylor and Jakes (1974) 
corresponds to that of an anorthositic gabbro (see Table 7).
This composition possesses a high Mg number of 70, which is quite
unexpected for a system which has experienced extensive crystallization
differentiation. Moreover it is much more magnesian than the ferroan
anorthosites which are widely believed to correspond to late-stage
crystallization differentiates of the primitive magma ocean. The crust also 
contains a surprisingly high amount of chromium, amounting to about 0.1
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percent Cr203. Furthermore Wänke et al. (1978), Delano and Ringwood (1978) 
and Chapter 2 have shown that the lunar crust contains very substantial 
abundances of indigenous nickel and cobalt. These characteristics have been 
interpreted by several authors to imply that the lunar crust contains a 
considerable amount of a "primitive component" which has experienced a 
negligible amount of crystallization differentiation.
Table 7: Mean composition of the upper lunar crust (after Taylor and 
Jakes, 1974)
Oxide wt$
Si02 4M.9Ti02 0.56
A1203 24.6
FeO 6.6
MgO 8.6
CaO 14.2
Total 99.46
Wänke et al. (1975, 1976, 1977) have suggested that the primitive 
component is derived from "primary matter" which was accreted by the Moon 
after the early differentiation which formed the anorthositic upper crust. 
This was subsequently melted and differentiated, allowing a large proportion 
of crystallized olivine to settle out and enter the lunar mantle. The 
primitive component of the crust is thus equivalent to accreted "primary 
matter" minus crystallized olivine. According to Wänke et al.'s hypothesis, 
the primary matter is derived from the planetesimals from which the Moon 
formed and thus should correspond in composition to the bulk Moon. However 
the model encounters difficulties in explaining how olivine was removed from 
the primary matter and transferred to the lunar mantle, after the primary 
matter fell on the Moon and was mixed with the lunar crust. It should be 
noted that Wasson et al. (1977) identified an analogous primitive component 
in lunar highland breccias by a different methodology. This component which 
was named SCCRV is similar in composition to Wänke*s primary component.
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Detailed investigations of the geochemistry of lunar highland breccias 
were carried out by Wänke et al. (1975, 1976, 1977) who showed that their 
compositions could be interpreted in terms of four components, two of which 
KREEP and meteoritic contamination were of minor significance in many rocks. 
After allowing for these minor components, it was found that the highland 
rock compositions could be interpreted in terms of the mixing of two 
end-member components, one of which consisted of pure anorthosite, and the 
other was the mysterious "primary component", rich in Mg and Cr, as shown in 
Figure 7. Wänke et al. suggested that the composition of the primary 
component was located along the mixing lines at a point where Ca and Al 
displayed the chrondritic ratio. The Al/Sc ratio also became chondritic at 
this point.
Ringwood et al. (1987) have, however, suggested a simpler and more 
plausible explanation of the nature of this primary component. When 
recalculated into oxides, this composition (Figure 7) is clearly 
recognizable as a komatiitic type of magma. A comparison between this lunar 
komatiite and typical terrestrial komatiites is shown in Table 8. Except 
for the higher FeO and lower Na20 in the lunar composition, the resemblance 
is extraordinarly close and extends to key trace elements, many of which are 
present in approximately chondritic ratios. The Cr and V abundances in the 
lunar .komatiite (Table 8) were obtained using the excellent correlation 
between CrO, VO and FeO shown in Figures 3 and H (CrO/FeO = 0.02*1; VO/FeO = 
9.9 10~4).
Terrestrial komatiites possessing near-chondritic relative abundances of 
Ca, Al, Ti, Sc, Zr, REE and related elements have been formed by extensive 
degrees of partial melting in the upper mantle to an extent that olivine was 
the sole residual phase (Sun and Nesbitt, 1978). This occurred at 
temperatures of 1500-1600°C and depths of 200-300 km. The bulk composition 
of the Earth’s upper mantle thus lies along the mixing line between 
komatiite and its liquidus olivine. This was the basis of Sun’s (1982)
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Figure  4: C o r r e l a t i o n  between VO and FeO f o r  Apollo  15, 16 and 17 h ig h l a n d  
b r e c c i a s  and s o i l s .  Note t h a t  t h e  co r re sp o n d in g  po in t  f o r  l u n a r  
v o l c a n i c  Green G las se s  i s  c o n s i s t e n t  with  th e  c o r r e l a t i o n .  The VO 
v e r s u s  FeO r e g r e s s i o n  l i n e  i s  based s o l e l y  on d a ta  f o r  l u n a r  
h ig h l a n d  b r e c c i a s .  Data s o u rc e s  a r e  i n d i c a t e d  by a s t e r i s k s  i n  t h e  
r e f e r e n c e  l i s t .  The Apollo 15 Green Glass  average va lue  was ta k e n  
from Ma e t  a l . (1981) .
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e s t i m a t e  of  the  com posi t ion  of  the  E a r t h ' s  upper m an t le .
Table  8: Comparison between l u n a r  b a s a l t i c  k o m a t i i t e  and t e r r e s t r i a l  
k o m a t i i t e  com pos i t ions
LUNAR TERRESTRIAL
1 ) 2 ) 3) 4) 5)
wtyt oxide
S i 0 2 45.16 45.23 45.39 45.50 45.10
T i 0 2 0.54 0.29 0.29 0.34 0.33
Al 20 3 6 . 6 1 6.17 6 . 6 0 6.50 6.64
C r 20 3 0.40 0.45 - 0.37 0.40
FeO 14.77 11.48 9.92 10.17 1 0 . 8 0
MnO 0.19 0 . 2 1 0.15 0 . 1 6 0 . 1 8
MgO 2 6 . 9 2 28.59 30.09 29.20 30.40
CaO 5.31 5.89 5.59 6 . 2 0 4.80
Na20 0 . 1 0 0.60 0.40 0.28 0.03
T o ta l 1 0 0 . 0 0 98.91 98.43 98.72 98.68
ppm
Ni : 1327 1396 1960 1610 1 490
Co : 78 107 - 108 104
V : 112 124 95 133 125
Sc : 23 - 17 25 24.5
C aO /  A1 2 0 3 0 . 8 0 0.95 0.85 0.95 0 . 7 2
1) c a l c u l a t e d  lu n a r  b a s a l t i c  k o m a t i i t e ;  Ringwood e t  a l . (1987)
2) from Mt. Burges,  W.A.; N e s b i t t  and Sun (1976).
3) from S c o t i a ,  W.A.; Sun and N e s b i t t  (1978)
4 ,5 )  from Alexo,  Canada; Arndt  (1986)
I t  seems l i k e l y  t h a t  Wänke's  k o m a t i i t i c  l u n a r  primary  component has an
analogous  o r i g i n  and can s i m i l a r l y  be u t i l i z e d  t o  o b t a i n  th e  bulk l u n a r
com pos i t ion .  Formation of  the  e a r l y  magma ocean r e q u i r e d  e x t e n s i v e  m e l t in g
of th e  o u t e r  l a y e r s  of the  Moon and t e m p e ra t u r e s  which must have exceeded
1500°C a t  dep ths  of  200-400 km (Ringwood, 1976). I t  seems very l i k e l y  t h a t
a f t e r  th e  l u n a r  magma ocean had d i f f e r e n t i a t e d  t o  form an a n o r t h o s i t i c
c r u s t ,  e x t e n s i v e  p a r t i a l  m e l t i n g  would have con t inued  from s ou rces  a t
g r e a t e r  dep ths  producing k o m a t i i t e  (or  s i m i l a r )  magmas which i n t r u d e d  the
a n o r t h o s i t i c  c r u s t  in  g r e a t  volumes. C lear  ev idence  t h a t  i n t e r n a l
t e m p e ra t u r e s  in  the  Moon were h igh enough t o  ren d e r  t h e s e  p ro cesse s  
p l a u s i b l e ,  even i n e v i t a b l e ,  i s  p rov ided  by the  v o l c a n i c  Green G las ses  which
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were e r u p te d  as  magmatic l i q u i d s  from th e  l u n a r  i n t e r i o r  about  3 .4  b i l l i o n  
y e a r s  ago (Podosek and Huneke, 1973).  These magmas, which them se lves  a r e  
a l s o  e s s e n t i a l l y  k o m a t i i t i c  in  com pos i t ion  (Table  1) p rov ide  ev idence  t h a t  
t e m p e r a t u r e s  i n  th e  v i c i n i t y  of  1500°C p r e v a i l e d  a t  dep ths  of  200-400 km in  
th e  l u n a r  i n t e r i o r  a t  t h i s  r e l a t i v e l y  l a t e  s t a g e .
The mass ive volumes of  k o m a t i i t e  which i n t r u d e d  t h e  a n o r t h o s i t i c  l u n a r  
c r u s t  about  4.5  b . y .  ago would have been p h y s i c a l l y  mixed w i th  t h e  
a n o r t h o s i t e  by th e  i n t e n s e  p la n e t e s im a l  and m e t e o r i t i c  bombardment be ing  
e x p e r i e n c e d  by th e  Moon. The mixing r e l a t i o n s h i p s  d i s p l a y e d  by F i g u r e  7 
a r e  e x p l a in e d  in  a s t r a i g h t f o r w a r d  way by t h i s  s im ple  model.
The bulk  com pos i t ion  of  the  Moon was o b ta in e d  by Ringwood e t  a l . (1987) 
on th e  b a s i s  of  t h i s  model u s ing  c l o s e l y  analogous  p rocedures  t o  th o s e  
employed by Sun (1982) t o  de te rm ine  th e  com posi t ion  of  th e  E a r t h ’ s m a n t l e .  
The com pos i t ion  of  o l i v i n e  on th e  l i q u i d u s  of  the  l u n a r  k o m a t i i t e  i s  
o b t a in e d  from exper im en ta l  measurements of  the  p a r t i t i o n s  of  Fe,  Mg, Mn, Ni,  
Co, Cr and V between o l i v i n e  and m e l t .  The bulk com pos i t ion  o f  th e  Moon 
t h e r e f o r e  l i e s  a long  th e  mixing l i n e  between o l i v i n e  and l u n a r  k o m a t i i t e .  
The p r o p o r t i o n s  of o l i v i n e  and l i q u i d  must be c o n s t r a i n e d  by o t h e r  c r i t e r i a .
On th e  b a s i s  of  models of k o m a t i i t e  p e t r o g e n e s i s  ( e . g .  Arndt and N i s b e t ,  
1981),  the  p r o p o r t i o n  of  r e s i d u a l  o l i v i n e  seems l i k e l y  t o  be in  t h e  v i c i n i t y  
of  30-60 p e r c e n t .  A more s p e c i f i c  e s t i m a t e  can be made i f  i t  i s  assumed 
t h a t  th e  bulk lu n a r  Mg0/Si02 r a t i o  f a l l s  w i th in  the  l i m i t s  s e t  by 
cosmochemical and geochemical  c r i t e r i a .  Magnesium and s i l i c o n  condense  from 
a gas of s o l a r  com posi t ion  over a s i m i l a r  range  of  t e m p e ra tu re s  , a l th o u g h  
f u l l  co n d en s a t io n  of S i 0 2 occu rs  a t  lower te m p e ra tu r e s  than  f o r  MgO 
(Grossman and Lar imer ,  1974). This  i s  a p p a r e n t ly  r e s p o n s i b l e  f o r  th e  
s i g n i f i c a n t  range of Mg/gi r a t i o s  d i s p l a y e d  by d i f f e r e n t  c l a s s e s  of 
c h o n d r i t e s  and by the  t e r r e s t r i a l  upper m an t le .  I t  seems r e a s o n a b l e  t o  
assume t h a t  the  Mg0/Si02 r a t i o  of  the  bulk Moon f a l l s  between th o s e  of  C1 
c h o n d r i t e s  (0 .7 2 1 ) ,  the  i n t e r m e d i a t e  va lues  d i s p l a y e d  by C2, CM, CV
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Figure  5: P l o t  of  CrO v e r sus  FeO f o r  l u n a r  mare b a s a l t s  shows a s t r o n g
c o r r e l a t i o n .  Data s o u rc e s  a r e  i n d i c a t e d  by a s t e r i s k s  in  th e  
r e f e r e n c e  l i s t .  The Apollo  15 Green Glass  average va lue  was taken  
from Ha e t  a l .  (1981) .
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F igure  6: P l o t  of  V0 ve rsus  FeO f o r  l u n a r  mare b a s a l t s  shows a s t r o n g  
c o r r e l a t i o n .  Data sou rces  a r e  i n d i c a t e d  by a s t e r i s k s  in  t h e  
r e f e r e n c e  l i s t .  The Apollo 15 Green Glass  average value  was ta ken  
from Ma e t  a l . (1981).
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chondrites, and the value of 0.853 characteristic of the Earth's upper 
mantle (Ringwood et al., 1987). This assumption leads to estimates of 
residual olivine varying from 22% (C1 Mg0/Si02 ratio) to 4456 (terrestrial 
Mg0/Si02 ratio). A further estimate of the proportion of residual olivine 
to komatiite magma can be made if it is assumed that the bulk Moon possesses 
a similar Mg0/Al203 ratio to that of C1 chondrites, as argued by Delano and 
Lindsley (1983). This also requires 44 percent of residual olivine. It is 
believed that this latter estimate is also to be preferred on petrological 
grounds since it rests upon a more plausible ratio of komatiitic magma to 
residual olivine. It is difficult to envisage a petrogenetic process in the 
lunar mantle which would produce as much as 78 percent of melt.
The Cr and V abundances of the komatiite component are readily obtained 
either by direct extrapolation using an analogous mixing diagram to Figure 
9, or by the use of the excellent correlations between CrO and FeO; VO and 
FeO, which exist for lunar highland breccias (Figures 3 and 5). These 
correlations yield a CrO/FeO ratio of 0.024 and a VO/FeO ratio of 9.9 10-  ^
for the lunar komatiite, which is thereby found to contain 2737 ppm Cr and 
112 ppm V. Using the experimental olivine/liquid partition coefficient for 
Cr and V given in Table 4, the Cr and V content of the liquidus olivine are 
found to be 1505 ppm and 35.7 ppm respectively. The bulk composition of the 
Moon can then be calculated, based upon the mixing ratios inferred above for 
the proportions of komatiite and residual olivine.
For the preferred case represented by 44 percent of residual olivine, 
the bulk Moon is found to contain 2190 ppm Cr and 79 ppm V. These values 
are close to those of the Earth’s mantle (3010 ppm Cr, 81 ppm V) as shown by 
Sun (1982). For the alternative case represented by 22 percent of residual 
olivine, the bulk Moon contains 2463 ppm Cr and 95 V. These values remain 
quite close to those of the Earth's mantle.
Normalized to Mg, the Moon is seen to have experienced a similar degree 
of depletion of Cr and V to the Earth in comparison with C1 chondrites
0 = 4 2 ,6 %  
Si = 21,7%
C a /A I = 1,08
Mg = 16,7%
Fe = 11,3%
P rim ary
com ponent
(com pu ted)
AI = 3 ,6%
0 10 20 30 40 50 60 70 80 90 100
Figure 7: Binary mixing diagram for highland breccias mostly from the
Apollo 16 site. The compositions can be readly explained in terms 
of mixing between an anorthositic end-member and a "primary 
component" defined by the chondritic Ca/Al ratio of 1.08. Solid 
lines are fitted to compositions of KREEP poor samples, (filled 
symbols). Samples with significant proportions of KREEP are 
represented by open symbols and are not used in the computation of 
the element mixing lines. (From Wänke et al., 1976; Figure 1).
90
(Table 9). This result provides strong confirmation for the conclusion 
originally drawn by Drei bus and Wänke (1979).
As a matter of interest, this same basic result is obtained for each of 
the alternative interpretations of the nature of the primary component as 
representing frozen lunar crust (e.g. Taylor and Bence, 1975) or primary 
matter (Wänke et al. 1978). However, it is believed that the present
interpretation of the primary component as intruded komatiite magmas is 
petrologically more plausible than these other scenarios.
Table 9: Comparison of Lunar mantle and Terrestrial mantle Cr and V 
depletion factors, normalized to Mg
Earth’s mantle Lunar mantle
44$ R0 + 56$ LK 22$ RO + 78$ LK
Cr/Mg 0.49 0.36 0.40
V/Mg 0.61 0.60 0.72
R0 = residual olivine; LK = lunar komatiite
3.4.2 The Mare Basalt Source Region
Delano and Livi (1981), Delano and Lindsley (1983) and Delano (1986) 
recognized 25 discrete families of volcanic glasses apparently formed by 
volcanic fire fountaining at the lunar surface. They are widely distributed 
and testify to volcanic processes on a global scale. The high liquidus 
temperatures of these glasses, combined with experimentally-determined 
melting relationships at elevated pressures, imply formation at considerable 
depths, probably 300-400 km. Delano and colleagues have demonstrated that 
the least-fractionated members of each of these families closely approximate 
primary magmas which have ascended from their source regions without 
appreciable fractionation of olivine (or pyroxene).
The most primitive of these primary magmas are represented by the Green
Glasses. These possess the highest Mg numbers and also have near-chondritic
ratios of Ti, Al and many other elements (Figure 8). However, the presence 
of negative Eu and Sr anomalies in these samples (Figure 8) show that they
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F i g u r e  8: The abu n d a n ce s  of  n o n - v o l a t i l e  e l e m e n t s  i n  A po l lo  15 Green G l a s s
a r e  shown n o r m a l i z e d  t o  c h o n d r i t e s .  (From D e la n o ,  1979; F i g u r e
16 ) .
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have exper ienced a m u l t i - s ta g e  p e tr o g e n e t i c  h i s t o r y ,  which i s  d iscu ssed  
elsewhere by Delano (1979) and Chapter 2. Sm-Nd i s o t o p i c  s t u d i e s  (Lugmair 
e t  a l . ,  1975) show th at  a ch on d r i t ic  Sm/Nd r a t i o  was e s t a b l i s h e d  in  t h e i r  
source reg ion  4.5 b .y .  ago, whereas the g la s s e s  were erupted much l a t e r ,  
about 3.4 b .y .  ago (Podosek and Huneke, 1973).
Apart from the s p e c i a l  process r e s p o n s ib le  for  the  Eu and Sr d e p le t i o n s ,  
the Green Glasses  have re ta in e d  a very p r im it ive  chemical s ig n a tu r e .  
Experimental petro logy  s t u d i e s  by S to lper  (1974) shows that o l i v i n e  has a 
large  primary c r y s t a l l i z a t i o n  f i e l d  and remains the l iq u id u s  phase to  2.0  
GPa, at  which pressure i t  i s  jo in ed  by s u b - c a l c i c  pyroxene.  P a r a l l e l  
s t u d i e s  by Green and Ringwood (1973) in d ica te d  a f i e l d  o f  l iq u id u s  
orthopyroxene in tervening  between the primary f i e l d  of  o l i v i n e  and 
cl inopyroxene in the depth in te r v a l  1 .3~2 .2  GPa. D i f f eren ce s  between th ese  
r e s u l t s  probably a r i s e  from small composit ional  d i f f e r e n c e s  in  s t a r t i n g  
m a t e r i a l s .
The f a c t  that  Sc and Y and heavy REE are not r e l a t i v e l y  d ep le ted ,  
s tr o n g ly  im pl ies  that  the source reg ion  of  the Green Glass did not contain  
s i g n i f i c a n t  amounts of cl inopyroxene as a re s id u a l  phase a f t e r  magma 
e x t r a c t i o n ,  and that  orthopyroxene was probably not a major re s id u a l  phase.  
Figure 8 shows a d i s t i n c t  d ep le t ion  of  chromium and vanadium in the  source  
r eg io n  of  Green Glass .  Delano (1979) considered  that  th ese  d e p le t io n s  might  
s i g n i f y  f r a c t i o n a t i o n  by a s p in e l  phase.  However, t h i s  su gges t ion  i s  
con trad ic ted  by the r e s u l t s  of  Ma e t  a l . (1981) and a l s o  by the experimental  
r e s u l t s  descr ibed  in S ec t io n  3 .3  which showed that  s p in e l  was not a re s id u a l  
phase in the source region of  Green Glass .  The experimental  study in fa c t  
shows that  the re s id u a l  phase(s )  c o n s i s t e d  mainly of  o l i v i n e  (Fo82 ) p o s s ib ly  
accompanied by a l im i t e d  amount of  orthopyroxene.
This conc lus ion  i s  s tron g ly  supported by the r e s u l t s  of a d e t a i l e d  study
of the p e tro g en es i s  of  Green Glass carr ied  out by Ma e t  a l . (1981) .  Their 
study was based upon accurate analyses  of  21 major and trace  elements on a
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large number of individual Green Glass spherules. The population of 
individual spherules displayed several distinctive fractionation trends 
manifested by correlations between individual elements possessing diverse 
geochemical properties. Ma et al. (1981) analysed these trends on the basis 
of a partial melting model in which fractionation was controlled by varying 
proportions of residual olivine, orthopyroxene, clinopyroxene and spinel, 
using realistic ranges of measured crystal/liquid partition coefficients. 
Because of the large number of elements studied and the large differences in 
partition coefficients for the elements analysed, Ma et al. (1981) were able 
to place strong constraints on the petrogenesis of Green Glass. They showed 
that it had formed by a small degree (< 1056) of partial melting of a source 
region which was dominated by olivine and contained less than 20 percent of 
orthopyroxene. After extraction of the magma, the residual phases comprised 
olivine ± minor orthopyroxene. Clinopyroxene and spinel were absent.
The compositions of olivine and orthopyroxene crystallizing on or near 
the liquidus of Green Glass were obtained from experiments described in 
Section 3.2. Pertinent results are given in Table 10 and are used to derive 
the composition of the source region of Green Glass based on the model of Ma 
et al. (1981). It was assumed that the residuum after extraction of Green 
Glass contained 20% orthopyroxene and that Green Glass represented a 10 
percent partial melt. These assumptions correspond to maximum values for 
these constraints (Ma et al. , 1981) and so the estimated abundances of 
chromium (2349 ppm) and vanadium (64 ppm) in the source region of Green 
Glass are also probably maximized. These estimates are slightly smaller but 
nevertheless quite similar to values of 3010 ppm Cr and 81 ppm V for the 
Earth’s upper mantle (Table 3 column 4 in Ringwood et al., 1987).
The general similarity in the abundances of Cr and V in the Moon 
estimated from the lunar highlands petrogenetic system (Section 3.4.1) and 
from the petrogenetic system in which the most primitive mare volcanic 
magmas were formed, is highly significant. The close petrogenetic
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r e l a t i o n s h i p  between t h e s e  sys tems  i s  f u r t h e r  i l l u s t r a t e d  in  F ig u re s  3 and 
4, which show t h a t  th e  e x c e l l e n t  c o r r e l a t i o n s  between CrO-FeO and VO-FeO in  
l u n a r  h ig h l a n d  b r e c c i a s  a l s o  embrace th e  most p r i m i t i v e  l u n a r  v o l c a n i c  Green 
G l a s s e s .
Table 10: Composit ion  of  the  sou rce  r e g i o n  of  Green G l a s s 1) compared w i th  
th e  e s t i m a t e d  com pos i t ion  of  the  bulk  Moon ( t h i s  C hap te r )  and th e  
t e r r e s t r i a l  upper m a n t l e 2 )
MgO (wt%) FeO (wt$) Cr (ppm) V (ppm)
Green Glass  (GG) 19.1 19.8 3695 165
Liqu idus  O l i v i n e 44.1 1 7 . 0 2121 53
Liqu idus  Opx 32.7 10.3 3353 106
Residuum (R) 
= 018 oOpx2 0 41 .8 15.7 2349 64
GG Source = R90GG10 38.5 16.3 2464 74
Bulk Moon3 )
(Table 3, Column 1) 36.85 12.24 2190 79
T e r r e s t r i a l  M a n t l e 3) 
(Table 3, Column 4) 3 8 . 8 8 . 2 3010 81
x) Based on th e  p e t r o g e n e t i c  model of  Ma e t  a l . (1983)
2 ) A f te r  Sun (1982)
3 ) Ringwood e t  a l . (1987)
3 . ^ . 3  I m p l i c a t i o n s  of  the  Lunar Cr/V R a t io
Laul e t  a l . (1972) and Wänke e t  a l . (1978) p o in t e d  out  t h a t  a good
c o r r e l a t i o n  e x i s t s  between Cr and V f o r  samples from both the  h igh land  c r u s t
( b r e c c i a s  and s o i l s )  and mare b a s a l t s .  Th is  i s  d i s p l a y e d  in  F ig u re  9. The
agreement between th e  mare b a s a l t  and h ig h l a n d  t r e n d s  i s  n o t a b l e  in  view of
the  d iv e rgence  of  the  r e s p e c t i v e  CrO-FeO and VO-FeO t r e n d s  (F igures  5 and
6 ) .  These d iv e rg e n ces  were a s c r i b e d  t o  f r a c t i o n a t i o n  by pyroxene and s p i n e l
dur ing  mare b a s a l t  c r y s t a l l i z a t i o n .  These phases  have much h ig h e r  p a r t i t i o n
c o e f f i c i e n t s  f o r  CrO and VO than  do o l i v i n e  and or thopyroxene  (Table 6 ) .  
Moreover i t  seems t h a t  th e  p a r t i t i o n s  of CrO and VO i n t o  s p i n e l s  and
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pyroxenes are generally similar, so that the Cr/V ratio of mare basalts was 
not substantially altered by more evolved fractionation processes involving 
clinopyroxene and spinel which have operated in the petrogenesis of mare 
basalts.
The data plotted in Figure 9 shows that the Cr/V ratio of the 
differentiated regions of the Moon is well defined at a value of 26 for both 
highland breccias and soils, and for mare basalts. Likewise, the 
experimental partition studies show that the corresponding Cr/V ratio of the 
residual, refractory portion of the Moon dominated by olivine, is close to 
37 (Table 9). The Cr/V ratio of the bulk Moon thus lies on the join between 
olivine and "differentiated Moon". The differences' between these values are 
modest. The bulk Moon composition calculated in Table 10 corresponds to 44£ 
of residual olivine and 56^ 6 differentiated component. This composition 
yields a Cr/V ratio of 33 for the bulk Moon as compared to 46 for the Cr/V 
ratio in C1 meteorites.
To recapitulate an argument made by Wänke et al. (1978), vanadium is a 
member of the "high temperature condensate group" whereas chromium is a 
member of the "intermediate temperature condensate group" of elements, 
comprising mainly of magnesium silicates and iron. Several cosmochemical 
models maintain that the Moon is considerably enriched in high temperature 
condensate elements as compared to C1 chondrites (e.g. Ganapathy and Anders, 
1974; Taylor, 1976). If this were the case, the Cr/V ratio of the Moon 
would be much lower than the chondritic value. The model of Ganapathy and 
Anders (1974) implies a Cr/V ratio of 3.5. In fact, the lunar Cr/V ratio is 
only about 27% smaller than the chondritic Cr/V ratio demonstrating that if 
the Moon were indeed formed by the cosmochemical processes advocated by 
Ganapathy and Anders (1974), then it is only slightly enriched in refractory 
elements.
The above argument is based solely upon the bulk lunar Cr/V ratio. When 
previous evidence on the absolute abundances of V and Cr in the Moon is
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considered, models which advocate that the Moon is enriched in refractories 
suffer an even more severe blow. The previous evidence has shown that in 
absolute terms, when normalized to other lithophile elements such as Mg, the 
Moon is substantially depleted in vanadium (Table 9). It is difficult to 
understand how this depletion could occur by processes in the nebula or 
within an earlier generation of differentiated planetesimals. In these 
environments, vanadium becomes appreciably siderophile only at very high 
temperatures, well above those developed in the solar nebula or within the 
cores of differentiated planetesimals of asteriodal dimensions.
3.5 Conclusion
Geochemical evidence shows that the Earth's upper mantle is 
substantially depleted in chromium and vandium as compared to C1 chondrites. 
The only plausible explanation for these depletions is that they were caused 
by the moderately siderophile behaviour of these elements at very high 
temperatures (£ 1800°C) and so about 33% of the Earth's inventory of 
chromium, and ^}% of its vanadium are in the core.
The abundances of chromium and vanadium in the bulk Moon have been 
estimated on the basis of well-defined CrO/FeO and VO/FeO correlations 
displayed both by lunar crustal rocks and the most primitive mare volcanic 
glasses. They are also derived from with experimental measurements of 
crystal/liquid partition coefficients for Cr and V. The abundances of Cr 
and V thereby obtained using two independent methods are in close agreement. 
Moreover they are very similar to the Cr and V abundances of the Earth's 
upper mantle.
Taylor (1986) has suggested that the deficiencies of these elements in 
the lunar mantle are caused by segregation in the lunar core. It can be 
readily be shown however, that this explanation is untenable, when the small 
size of the lunar core (Chapter 2) and the measured partition coefficients
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for Cr and V between metal and silicate phases (Brey and Wänke, 1983; 
Rammensee et al., 1983) are taken into account. Alternative cosmochemical 
models (e.g. Ganapathy and Anders, 197*0 which maintain that the Moon was 
formed in the solar nebula as an independent planet by processes similar to 
those by which the other terrestrial planets were formed are unable to 
explain the Moon’s deficiency in Cr and V.
The only interpretation which seems capable of explaining this 
observation is that the Moon was formed from material which was derived from 
the mantle of a planetary-sized body in which a large metallic core had 
separated. It should be noted that there is no evidence of Cr-depletion in 
SNC meteorites, believed to be derived from Mars (Wänke et al., 1983). In 
view of the similarity of abundances of Cr and V in the Moon and in the 
Earth's mantle, it seems most likely that the depletion event occurred 
within the Earth during core formation and that the material from which the 
Moon was formed was derived mainly from the Earth’s mantle. This explanation 
of the significance of the terrestrial and the lunar geochemistry of Cr and 
V was first suggested by Dreibus and Wänke (1979). The investigations 
present here provide strong support for their conclusion.
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CHAPTER 4: M e t a l - s i l i c a t e  P a r t i t i o n  C o e f f i c i e n t s  and V o l a t i l i t i e s  of  Ge, Sn 
and Cu, and R e l a t e d  Elements:  I m p l i c a t i o n s  f o r  Lunar Geochemistry
4.1 I n t r o d u c t i o n
The geochem is t ry  of  germanium, t i n  and copper p ro v id es  an i n t e r e s t i n g  
c o n t r a s t  t o  t h a t  of  n i c k e l ,  c o b a l t ,  chromium and vanadium, which were
c o n s id e re d  in  e a r l i e r  C h a p t e r s .  Both groups behave mainly  as  com pat ib le  
e lem en ts  i n  t e r r e s t r i a l  and lu n a r  p e t r o l o g i c a l  p r o c e s s e s .  As shown in  
p rev io u s  C h ap te r s  and l a t e r  in  t h i s  C h ap te r ,  both  groups d i s p l a y  a wide 
range  of  d i s t r i b u t i o n  c o e f f i c i e n t s  between m e t a l l i c  i r o n  and s i l i c a t e  
sys tem s .  However, whereas Ni,  Co, Cr and V a r e  r e l a t i v e l y  i n v o l a t i l e  du r ing  
n e b u l a r  c o n d e n s a t io n ,  Ge, Sn and Cu a r e  c o n s id e r a b ly  more v o l a t i l e  (Table 
1 ) .  I t  i s  w ell  known t h a t  th e  Moon i s  s t r o n g l y  d e p l e t e d  in  v o l a t i l e
e lem en ts  as compared t o  th e  E a r t h ’ s m a n t le .  Accordingly  i t  i s  n e c e ss a ry  t o  
c o n s id e r  t h i s  f a c t o r  when comparing th e  s i d e r o p h i l e  geochemis try  of  th e  
l u n a r  and t e r r e s t r i a l  m a n t l e s .
I t  i s  e q u a l l y  n e c e s s a r y  t o  o b t a i n  exper im en ta l  measurements of  the  
d i s t r i b u t i o n  c o e f f i c i e n t s  of  Ge, Sn and Cu between m e t a l l i c  i r o n  and
s i l i c a t e  m e l t s  a t  geochem ica l ly  r e l e v a n t  oxygen f u g a c i t i e s .  This  i s  the  
o b j e c t i v e  of  the  work d e s c r i b e d  in  t h e  p r e s e n t  C h ap te r .  When i n v e s t i g a t i o n s  
commenced, t h e r e  were few d a t a  a v a i l a b l e  in  the  l i t e r a t u r e .  However, an 
im por tan t  s tu d y  of  th e  m e t a l / s i l i c a t e  d i s t r i b u t i o n  c o e f f i c i e n t  of germanium 
was c a r r i e d  out  i n d e p e n d e n t ly  and in  p a r a l l e l  by Schmi t t  (1984) u s in g  an
e n t i r e l y  d i f f e r e n t  t e c h n iq u e .  P r e l im in a ry  exper im en ta l  r e s u l t s  on Ge 
p a r t i t i o n i n g  were o b t a in e d  in  t h i s  i n v e s t i g a t i o n  p r i o r  to  the  p u b l i c a t i o n  of  
S c h m i t t ' s  r e s u l t s ,  and were r eco rd ed  in  S e i f e r t  and Ringwood (1987).  The 
p r e s e n t  exper im en ts  were c a r r i e d  out  in  a p i s t o n - c y l i n d e r  a p p a ra tu s  a t  a 
p r e s s u r e  of  1.0 GPa. This  has  a s i g n i f i c a n t  advan tage in  p re v e n t in g  l o s s e s  
of v o l a t i l e  s p e c i e s  ( p r i n c i p a l l y  Ge and Sn) du r ing  th e  exper iment .
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In the Earth's mantle, germanium behaves as a quadrivalent cation 
replacing Si4+ in silicates because of its similar ionic radius 
(Goldschmidt, 1937; De Agrollo and Schilling, 1978; Capobianco and 
Navrotsky, 1982). It seems that tin is also mainly quadrivalent, replacing 
Ti4+ in minerals which contain titanium (e.g. Wedepohl, 1978; Rankama and
Shama, 1950; Goldschmidt, 1937). On the other hand, copper is present
mainly as a divalent species as shown by its substitution for Fe2+ in mantle 
olivines (Archbald, 1979). Ionic radii for these cations are given in Table 
2.
In silicate melts in equilibrium with metallic iron, however, germanium 
behaves as a divalent species, Ge2+, near the Fe-FeO buffer (Schmitt and 
WSnke, 1984) and is expected to display crystal-chemical properties similar 
to those of Fe2+, Mg2+. Moreover, under these conditions, copper is reduced 
to the univalent state (Kor, 1984). Accordingly, Cu1+ is expected to behave 
similarly to Na1+ (Table 2). The valency of tin in silicate melts in 
equilibrium with metallic iron is not known with certainty. However, an 
investigation by Rankin (1986) into slag-metal equilibrium during tin 
smelting suggests that tin would behave as a divalent species under these 
conditions. Since the ionic radius of Sn2+ is similar to that of Ca2 + 
(Table 2), it is expected that tin would substitute into crystal chemical 
sites .occupied by Ca2+ during petrological processes.
Table 1: Nebular condensation temperatures (at 10 Pa) for some siderophile 
and comparable lithophile elements (from Wasson, 1984)
Siderophile Element V Ni Co Cr As Cu Ga Ge Sn
Temperature K -1450 1354 1351 1 277 1157 1037 918 825 720
Lithophile Element Mg Si Rb K Na Cl F Zn
Temperature K 1340 1311 -1080 1000 970 863 736 660
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Table 2: Effective ionic radii of Ge, Sn, Cu and comparable lithophile 
elements in 6-fold coordination (from Shannon, 1976)
Univalent 
Cation r(^)
Divalent 
Cation r(^)
Quadrivalent 
Cation r(^)
Ca2 + 1 .00
Cu1 + 0.77 Cu2 + 0.73
N a 1 + 1 .02 E u 2 + 1.17
Ge2 + 0.73 Gel,+ 0.53
Si 0.40
*Sn2 + 1 .07 Sn4+ 0.69
Fe2 + 0.78
Mg2 + 0.72
TiH+ 0.61
* L.G. Liu pers. comm. (1987)
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4.2 Theoretical Background 
4.2.1 Exchange Reactions
The exchange reactions of Ge, Sn and Cu between metal and basaltic melt 
may be described as follows :
MOy + yFe t M + yFeO (1)
basaltic melt metal metal basaltic melt
with M = Cu, Ge, Sn and y = 1 or 2 for Ge and Sn; y = £ or 1 for Cu.
Hence, at equilibrium :
y^met # s^il
- ^  = InK = In — -------- — —  = -(AH°-TAS°)/RT = 0 (2)
RT . sil mety
^  ’ aFe
The activities (a) may be written in terms of molar- or atomic-fractions 
(X) and activity coefficients (Y) to give :
,met rsil' Y,met Y.
InK = In + In (3)
rsil ,met“ Y..sil Yrmet*M Fe M Fe
The valency of Cu, Ge and Sn in the silicate melt is important to the 
thermodynamic evaluation presented here. As indicated, above y can be 
either £ or 1 for Cu, and 2 or 4 for Ge and Sn. The higher oxidation states 
(Cu2+> Ge‘*+ and Sn4+) are to be expected under comparitively oxidizing 
conditions. Under the present experimental conditions however, 
equilibration with metallic iron takes place. Since this involves low 
oxygen fugacities (reducing conditions), one may assume copper cations to be 
present in the univalent state, and germanium and tin in the divalent state 
as discussed in Section 4.1. Valence states are usually determined from 
equations of the same kind as equation (1), which by rearranging gives the
following expression:
101
InK = y ln(aFe0/aFe) - ln(aMOy/aM) = ~AG°/RT 
Thus plots of ln(aFeg/aFe) versus ln(a^oy/aM) or (by assuming constant 
activity coefficients, ln(XFeg/XF e ) versus ln^oy/fyi), give a value
for y, and 2y = valence state. Since in the present study the variations of 
metal and silicate compositions are not large enough for such a plot to be 
meaningful, the results of previous work have been considered.
The molar fractions of Fe, Ge, Sn and Cu in the basaltic melt and their 
atomic fractions in the metal phase were determined by electron microprobe 
analysis. Activity coefficients in the metal phase can be assessed from the 
activity-composition relationships of the Fe-Ge, Fe-Sn and Fe-Cu binary 
alloy systems published in the literature. The activity coefficients of Fe, 
Ge, Sn, Cu in basaltic melts are not known, and in general are expected to 
be dependent on the composition of the melt. However, Ge, Sn and Cu are 
present in the melts only in minor or trace amounts, and so it is assumed 
that their activity coefficients are independent of concentration (Henry’s 
Law). Furthermore the activity coefficient of FeO in these basaltic melts is 
also assumed to be constant over the limited range of compositions studied 
here. Equation (3) may then be written:
.met
lnKD(Fe-M) ln
rsil‘
lFeO -AG /RT-ln
rsil .met*
met sil*
M ‘ FeO
sil met:
MOy * Fe
(4)
MOy Fe
A partition coefficient appropriate to natural situations for Ge, Sn and 
Cu may be calculated by assuming infinite dilution of the partitioning
elements in the metal phase, where XF|^ -*• 1 ; YFe^ + 1 and subsequently
equation (4) can be rearranged to: 
met
T"\ -i sil  ^ ..sil t ..metx /#-\Dk,= ~ ~ T  = exp (-AG /RT - ylna + InY - lnYM ) (5)sil FeO MOy M
*M0
Written this way, it may be seen that the partitioning of a trace element 
between a silicate melt and Fe-rich metal depends on the activity of FeO
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(aFeo)* This is in turn a function of oxygen fugacity, as may be seen from 
the reaction:
2 Fe + O 2 f 2 FeO 
metal melt
Hence the distribution of Ge, Sn and Cu between metal and silicate melt will 
also be indirectly a function of oxygen fugacity.
4.2.2 Activity Coefficients in the Metal Phase
The activity coefficients of Ge, Sn and Cu in liquid Fe-alloys may be 
obtained from published data in the literature. So far there have been two 
studies of the Fe-Ge activity-composition relationships in a binary liquid 
alloy system; one using an EMF-method (Tanutrov et al., 1968), and the other 
using Knudsen cell mass-spectrometry (Erdelyi et al., 1978). Both
investigations reveal strong negative deviations from ideal mixing for iron 
rich alloy compostions. In contrast, the activity coefficient for Sn in the 
Fe-Sn liquid alloy system exhibits a nearly constant value of greater than 
unity (positive deviation from ideality) between Xpe = 0.8 and 1.0. The 
Fe-Cu liquid alloy system shows a moderate positive deviation towards Xpe = 
1.0 (Hultgren et al., 1973). Figure 1 gives a comparison between the three
alloy systems by plotting lnYf!jet/ln'Ypgtversus Xp^in the compositional range
of XpGt= 0.6 to 1.0. Below XpgG = 0.6 the phase diagram of the Fe-Sn alloy 
system indicates a region of unmixing and there are no activity data 
available.
Based on a formula given in Erdelyi et al. (1978) Ge activity 
coefficients have been calculated accurately for each of the experimental 
temperatures employed. Studies on metal activities in Fe-Sn and Fe-Cu alloy 
systems have been performed at about 1600°C, therefore partitioning 
experiments have been conducted at the same temperature and respective
activity coefficients have been obtained by simple graphic interpolation 
(see Figure 1).
1820 K
wmet
'V e
Figure 1: ln(Y$eWpe ) vs. Xpe with M = Cu, Ge, Sn. Data for the Fe-Ge
system are taken from Erdelyi et al. (1978) and for Fe-Cu, Fe-Sn 
systems from Hultgren et al. (1973).
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4.3 Experimental Procedure
As in the case of Ni and Co, these partitioning experiments were also 
conducted, at high temperature and high pressure using a Boyd-England type 
piston cylinder apparatus. Two sets of starting material were used, one set 
containing the partitioning elements (i.e. Ge, Sn, Cu) in a synthetic 
tholeiitic basalt composition made from oxides, which was then mixed with 
pure metallic iron powder; the other set consisted of a undoped tholeiitic 
basalt composition mixed with Fe-rich alloy powders of the respective 
elements (see Table 3)- The equilibrium partitioning of the element is thus 
bracketed from opposite directions. Minor oxides such as Ti02, MnO and Na20 
have been omitted from the basaltic composition for simplicity. To ensure 
that the partition coefficients obtained were independent of concentration, 
varying amounts Ge, Sn and Cu in the silicate as well as the metal alloy 
starting mixtures have been used together with different metal to silicate 
ratios.
Table 3: Chemical composition of a representative oceanic tholeiite used as 
starting material
Oxide* wt$
Si02 50.07
A120 3 16.48
FeO 10.14
MgO 10.08
CaO 13.23
Total 100.00
This does not include Ge02, which ranged from 1-5 wt$ or 
Sn02 and CuO (about 1 wt$)
The Ge-partitioning experiments represent an early stage of the 
experimental technique developed here. A1203 crucibles were cut from tubes 
with tight fitting lids made from solid rods of the same material. The
pelletized metal/silicate mix was loaded into the A1203 crucible, placed in
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a s o l i d  media c e l l ,  which c o n s i s t s  of a g r a p h i t e  r e s i s t a n c e  h e a t e r ,  
su r rounded  by a pyrex g l a s s  s l e e v e  in  t u r n  j a c k e t e d  by a t a l c  s l e e v e .  The 
c r u c i b l e  was p o s i t i o n e d  in  t h e  zone of  c o n s t a n t  t e m p e ra tu r e  o f  th e  c e l l  by a 
BN bottom space r  and a f i r e d  p y r o p h y l l i t e  top  s p a c e r .  A P t /P tR h  
thermocouple  was i n s e r t e d  th rough  t h e  l a t t e r  so t h a t  i t s  j u n c t i o n  was 
im media t ly  a d j a c e n t  to  t h e  sample c a p s u l e .  The r e v e r s a l s  of  the  
p a r t i t i o n i n g  e xpe r im en t s  were conducted  in  s e p a r a t e  r u n s .
The te c h n iq u e s  u t i l i z e d  f o r  t h e  Sn and Cu p a r t i t i o n  exper im en t s  was the  
same used in  th e  s tu d y  Ni,  Co m e t a l / o l i v i n e  p a r t i t i o n  r e l a t i o n s h i p s  (see  
Chapter  1) .  Two c a p s u l e s  made from San C a r lo s  o l i v i n e ,  c o n t a i n i n g  t h e  two 
r e v e r s a l  m e t a l / s i l i c a t e  mixes ,  were s e a l e d  in  P t - t u b i n g ,  which was th en  run 
in  a p i s t o n  c y l i n d e r  a p p a r a tu s  as d e s c r ib e d  above.
A c o n f in i n g  p r e s s u r e  o f  1.0 GPa was employed f o r  a l l  ex p e r im e n ta l  ru n s .  
For th e  e a r l y  Ge exper im en t s  the  run  d u r a t i o n  and t e m p e r a t u r e s  v a r i e d  
between 10 and 45 minu tes  and 1400 and 1600°C. The l a t e r  Sn,  and Cu 
p a r t i t i o n i n g  exper im en t s  were conducted  a t  a t e m p e ra tu r e  of  1600°C, w i th  t h e  
run  t imes  r ang ing  from 90 t o  120 m in u te s .
4.4 Exper imenta l  R e s u l t s
A f te r  comple t ion  of  th e  r u n s ,  t h e  exper im en ta l  charges  were examined 
f i r s t l y  f o r  any l e a k a g e s ,  which might  have caused p o s s i b l e  c o n tam in a t io n  of  
the  charge from e i t h e r  the  g r a p h i t e  h e a t e r  or  o th e r  p a r t s  of  th e  c e l l .  This  
was a n e c e s s a ry  measure e s p e c i a l l y  w i th  the  Ge r u n s ,  where sample c r u c i b l e s  
were u n s e a le d .  The c a p s u l e s  then  were cu t  l e n g th w is e  in  two, one h a l f  was 
mounted in  epoxy and p o l i s h e d  f o r  e l e c t r o n  microprobe a n a l y s i s .  The run 
p roduc ts  c o n s i s t e d  of  one or  s e v e r a l  metal  s p h e re s  rang ing  from s e v e r a l  
hundred ym to  about  1mm in  s i z e .  They were su r rounded  by quenched s i l i c a t e  
l i q u i d ,  which in  some ru n s  a l s o  c o n ta in e d  minute q u a n t i t i e s  of quench
o l i v i n e .
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Each point considered for analysis was carefully selected by
backscattered electron imaging. For every metal analysis point an adjacent 
silicate analysis was taken, the distance between them nevertheless being 
sufficient to avoid interferences by secondary fluoresence, which can occur 
if analyses are taken too close to the metal/silicate interface (This would 
cause erroneously high abundances of the partitioning elements in the 
silicate phase, and would result in coefficients which are to low). On 
average, about 20 analyses were taken from both phases in every experimental 
run.
The calibration factors of major elements such as Fe, Mg and Si were 
always corrected against a San Carlos olivine standard; for Ca against 
wollastonite, for A1 against anorthite and those of partitioning elements 
against their respective metal standards. The analysed chemical
compositions of the basaltic liquids are listed in Table *1. Compared to the 
starting composition, the silicate melts can be seen to have changed in 
composition during the experiment. For example, the Sn and Cu runs show an 
overall increase of about 10 wt% FeO, due to oxidation of some of the Fe 
metal. The silicate liquids of the Ge-runs have aquired not only increased 
amounts of FeO but also A120 3. The latter has been derived by reaction with
the A120 3 crucible.
Table  4: Chemical composi t ion  of  e x p e r i m e n t a l l y  d e r iv e d  b a s a l t i c  l i q u i d s  
from Ge, Sn and Cu m e t a l / s i l i c a t e  p a r t i t i o n  runs  t o g e t h e r  w i th  
t h e i r  r e s p e c t i v e  ex p e r im en ta l  c o n d i t i o n s
a) Ge-runs
Run No. 11 54 58 66
T(°C) 1 6 0 0 1 6 0 0 1450 1500
Tim e(m in . ) 10 45 45 30
Germanium in : metal metal metal s i l i c a t e
wt% Oxide 
S i 0 2 41 .42 35.70 42.51
0C
\J
A120 3 23.43 3 3 . 3 6 2 3 .8 2 21 .52
FeO 15.17 13.85 13.51 17.51
MgO 9 . 8 8 9.32 9.85 9 . 6 8
CaO 1 0 . 0 2 8 . 5 8 10.50 9.44
GeO 0.09 0 . 0 8 0 . 0 8 0.55
Tota l 1 0 0 . 0 1 100.89 100.27 99.90
Run No.
T(°C)
Tim e(m in . ) 
Germanium in:
67
1500
30
s i l i c a t e
70
1 6 0 0  
30
s i l i c a t e
77
1 400 
45
s i l i c a t e
78
1 400 
45
s i l i c a t e
wt$ Oxide 
S i 0 2 40.59 43.08 41 .43 43.83
A120 3 23.42 19.37 17.07 16.97
FeO 15.76 18.48 20.13 1 7 . 8 1
MgO 9.85 9.48 9.67 9 . 8 2
CaO 1 0 . 2 0 8.48 1 0 . 8 8 1 1 . 2 2
GeO 0 . 6 2 0.98 1.19 0.41
Tota l 100.44 99.87 100.37 1 0 0 . 0 6
b) Sn-runs
Run No. 
T(°C)
Time(min.)  
Tin in:
3 2 0
1600
90
metal
321 
1 600 
90
metal
321 
1 600 
90
s i l i c a t e
32 2  
1 600 
1 20
s i l i c a t e
322 
1 600 
1 20 
metal
wt% Oxide 
S i 0 2 49.74 45.12 43.95 41 .99 42.10
A1 20  3 11.62 14.94 14.34 14.60 13.89
FeO 18.49 20.27 22.58 24.39 25.25
MgO 9.75 9.29 9.02 9.78 9.51
CaO 10.02 10.15 10.16 9.65 9.12
SnO 0.55 0.68 0.30 0.21 0.76
Tota l 100.11 100.38 100.32 100.60 100.55
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c) Cu-runs
Run No. 323 323 324 325 328
T(°C) 1600 1600 1600 1600 1600
Tim e(m in . ) 90 90 90 1 20 1 20
Copper in : metal s i l i c a t e s i l i c a t e metal metal
wt$ Oxide 
S i 0 2 *44.70 43.55 46.50 43.15 46.02
A120 3 12.94 14.52 14.69 13.61 13.87
FeO 23.13 22.36 19.29 24.61 21 .43
MgO 8.50 9.06 9.90 9.17 9.21
CaO 9.65 10.76 10.41 9.36 10.30
Cu20 0.28 0.05 0.10 0.38 0 .30
T o ta l 99.20 100 .30 100.89 100.28 101 .13
The molar  f r a c t i o n s  of  FeO, GeO, SnO and Cu20 have been c a l c u l a t e d  on 
the  b a s i s  of  10 oxygens and s u b s e q u e n t l y  have been no rm al ized  t o  one ( see  
Tab le 5 ) .  As d i s c u s s e d  e a r l i e r ,  t h e  p resence  of  an F e - r i c h  me ta l  a l l o y  
phase i n d i c a t e s  f a i r l y  r e d u c in g  c o n d i t i o n s ;  t h e r e f o r e  i t  i s  assumed t h a t  Ge 
and Sn w i l l  be p r e s e n t  i n  the  d i v a l e n t  s t a t e  and Cu in  th e  u n i v a l e n t  s t a t e .  
All  runs  c o n ta in e d  meta l  in  t h e  l i q u i d  s t a t e  acc o rd ing  t o  t h e  r e s p e c t i v e  
b in a ry  phase d iagrams.  The atomic  f r a c t i o n s  of  Fe,  Ge, Sn and Cu o f  the 
a l l o y  com pos i t ions  have been d e r iv e d  d i r e c t l y  from the  e l e c t r o n  microprobe 
a n a l y s e s .  Those d a t a  have been combined w i th  th e  no rm al ized  molar  f r a c t i o n s  
of Fe and Ge, Sn and Cu in  t h e  s i l i c a t e  m e l t s ,  in  o r d e r  t o  c a l c u l a t e  
d i s t r i b u t i o n  c o e f f i c i e n t s  lnKD(pe_M) f o r  each exper iment (Table 5 ) .  In
s i 1 metFigure.  2, lnKp(pe_M) p l o t t e d  v e r sus  XFe /Xpe shows no co m p o s i t io n a l  
dependency of  the  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  Cu and Sn. But in  th e  case  
of  the  Ge p a r t i t i o n i n g  e x p e r im e n t s ,  lnKp(pe_^) shows a s t r o n g  dependency on 
com posi t ion  f o r  which e i t h e r  the  s i l i c a t e  melt  or meta l  might  be 
r e s p o n s i b l e .  However, in  F ig u re  1, th e  Fe-Ge a c t i v i t y  com pos i t ion  
r e l a t i o n s h i p  shows a s t r o n g  n e g a t i v e  d e v i a t i o n  from i d e a l i t y  towards  more 
i r o n - r i c h  co m p o s i t io n s .  This  f e a t u r e  can be c o r r e l a t e d  with  lnKD(Fe_Qe ) in 
F ig u re  2, where runs  with  a h igh Fe/Qe metal  r a t i o  have h ig h e r  d i s t r i b u t i o n  
c o e f f i c i e n t s  than th o s e  w i th  a low Fe/Qe r a t i o .
Metal Silicate 
Ge Runs Q  £
Sn Runs Q  ^
Cu Runs <£> ^
F ig u re  2: lnKD(pe_M) vs .  Xpe /Xpe . In t h e  case of  Ge th e  d i s t r i b u t i o n  
c o e f f i c i e n t  lnKD(p e_M) c l e a r l y  r e f l e c t s  the  s t r o n g l y  n e g a t iv e  
a c t i v i t y  com pos i t ion  r e l a t i o n s h i p  towards the i r o n - r i c h  s id e  of the  
Fe-Ge a l l o y  system ( s e e  F ig u re  1) .  On th e  o t h e r  hand, f o r  Cu and 
Sn lnK£)(pe_M) i s  c o n s t a n t  over th e  range  of  exper im en ta l  meta l  and 
s i l i c a t e  m e l t  c o m p o s i t io n s .
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Table 5: Composit ions of c o e x i s t i n g  s i l i c a t e  m e l t s  and metal  a l l o y s  and
d e r iv e d  thermodynamic f u n c t i o n s  w i th  observed  p a r t i t i o n  c o e f f i c i e n t s
(M = Ge, Sn, Cu) and c a l c u l a t e d  p a r t i t i o n  c o e f f i c i e n t s  Djj based 
on e q u a t io n  7
a )  Ge-runs
Run Temp. Xs i i  s i l  met metFe Ge Fe Ge D
met met
D .  ?Se_  .  Üg*.  
Ge „ s i l  Ge „ s i l
x10~2
11 1 6 0 0 0 . 1 1 8 0 . 0 5 6 0 . 8 8 0 0 . 1 2 0 3 . 3 6 0 0 . 8 1  1 2 1 4 1 7 2 2
( . 0 0 2 ) ( . 0 0 8 ) ( . 0 0 1  ) ( . 0 0 1  ) ( . 2 2 6 ) ± 2 5
5 4 1 6 0 0 0 . 1 0 6 0 . 0 4 8 0 . 8 7 6 0 . 1 2 4 3 . 4 4 1 0 . 9 4 3 2 5 9 193 1
( . 0 0 2 ) ( . 0 0 4 ) ( . 0 0 0 3 ) ( . 0 0 0 3 ) ( . 0 0 9 ) ± 1 0
5 8 1 4 5 0 0 . 1 0 5 0 . 0 3 4 0 . 8 7 5 0 . 1 2 5 3 . 7 8 0 1 . 1 0 8 3 6 9 261  2
( . 0 0 1  ) ( . 0 0 5 ) ( . 0 0 2 ) ( . 0 0 2 ) ( . 1 6 3 ) ± 5 0
6 6 1 5 0 0 0 . 1 3 7 0 . 4 7 0 0 . 7 4 8 0 . 2 5 2 2 . 2 8 4 1 . 0 7 8 5 3 1 8 0 0
( . 0 0 1 ) ( . 0 5 ) ( . 0 0 1  ) ( . 0 0 1  ) ( . 1 7 0 ) ± 1 3
6 7 1 5 0 0 0 . 1 2 3 0 . 5 3 0 . 6 9 8 0 . 3 0 2 2 . 3 0 5 1 . 5 7 2 5 7 2 0 0 8
( . 0 0 2 ) ( . 1 0 ) ( . 0 0 2 ) ( . 0 0 2 ) ( . 1 7 0 ) ± 1 0
7 0 1 6 0 0 0 . 1 4 7 0 . 8 2 0 . 6 9 0 0 . 3 1 0 2 . 0 8 4 1 . 4 5 9 3 8 1 3 8 6
( . 0 0 4 ) ( . 1 0 ) ( . 0 1 2 ) ( . 0 1 2 ) ( . 1 1 5 ) ±5
7 7 1 4 0 0 0 . 1 6 0 0 . 8 7 0 . 6 9 3 0 . 3 0 7 2 . 1 0 2 1 . 4 1 5 3 5 1 9 0 6
( . 0 0 4 ) ( . 0 9 ) ( . 0 0 2 ) ( . 0 0 2 ) ( . 2 0 7 ) ±6
7 8 1 4 0 0 0 . 1 4 1 0 . 3 0 0 . 7 4 8 0 . 2 5 2 2 . 7 6 4 1 . 5 0 1 84 2 1 6 8
( . 0 0 4 ) ( . 0 5 ) ( . 0 0 2 ) ( . 0 0 2 ) ( . 1 5 4 ) ±1 2
b) Sn-runs
Run Temp. Fe
s i i
XSn
xmet
Fe
met
XSn lnKD InK’ D_ = Sn
met
Sn *
me1
XSn
s i l  ^Sn 
XSn
s i :
XSn
x10~2
320 1 600
0
0=^r0 0.21 0 0.937 0.063 1 .557 2.576 30 30
( .002) ( .010) ( .004) ( .003) ( .168) ±2
321 1600 0.162 0.260 0.924 0.076 1 .637 2.651 29 28
( .008) ( .011) ( .002) ( .002) ( .255) ±3
321 1 600 0.182 0.115 0.971 0.029 1 .541 2.562 25 25
( .017) ( .013) ( .003) ( .003) ( .260) ±6
322 1 600 0.203 0.292 0.941 0.059 1 .470 2.490 20 22
( .015) ( .012) ( .002) ( .002) ( .214) ±2
322 1 600 0.195 0.080 0.984 0.016 1 .367 2.395 22 23
( .004) ( .007) (.001 ) ( .001) ( .245) ±4
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c) Cu-runs
Run Temp. x f 1Fe silXCu metA _Fe metCu lnK
xmet
lnK’ D = CU D* = Cu Ysil Cu
Cu
met
*Cu
x^11Cu
x1 0~2
323 1 600 0.188 0.044 0.990 0.010 2.282 4.753 23 25
(.007) (.01 ) (.001) (.001 ) (.293) ±7
323 1 600 0.189 0.230 0.940 0.060 2.467 4.625 26 25
(.017) (.03) (.005) (.005) (.261) ±6
324 1 600 0.1528 0.080 0.9788 0.0212 2.3982 4.798 27 28
(.013) (.006) (.003) (.003) (.334) ±4
325 1 600 0.208 0.310 0.934 0.066 2.311 4.434 22 24
(.009) (.03) (.005) (.005) (.239) ±3
328 1600 0.170 0.240 0.937 0.063 2.401 4.549 26 26
(.005) (.03) (.005) (.005) (.239) ±4
4.5 Partition Coefficients
met si1The partition coefficients = Xpj /X^ for Ge, Sn and Cu have been 
calculated by two methods (Note in this context it is not the same as 
of equation (5), the term is used for convenience). Firstly, the 
exprimentally derived atomic and molar fractions of Ge, Sn and Cu in the 
metal and silicate phase have been used (Table 5). The second method uses 
lnK’, a modified equilibrium constant (see equation (6)) which combines 
lnKj3(pe_M) and metal activity coefficient ratios lny^/lnTpe, which are 
calculated from the metal composition of each experimental run and activity 
relationships of the binary alloy system shown in Figure 1. Results are
listed in Table 5 and plotted versus Xp^/Xp^ in Figure 3-
lnK' = In c • (x-r: (6)
With the assumption of infinite dilution of the partitioning elements in the
metal phase (Xp^ -*- 1, Yp^* 1) equation (6) can be rearranged as follows:
xmet
Dm = ~"M = exp (lnK*0- ylnX - lnY™et )M sil K J M
MOy
(7)
where is a partition coefficient based on the assumption of constant Fe, 
Ge, Sn and Cu activity coefficients in the silicate melt as discussed 
earlier. lnK’0 represents the mean of the experimentally derived InK's for
each of the partitioning elements (see Figure 3) and lnyMme °^ the metal 
activity coefficient of Ge, Sn and Cu at infinite dilution. It can also be 
seen from Figure 3 that with the introduction of metal activity coefficients 
Ge partitioning experiments become independent from composition. Moreover 
in Figure lnK' of the Ge-experiments is plotted versus the inverse of the 
various experimental temperatures employed. Here again no dependence is 
observed.
A partition coefficient for each experiment has been calculated by 
assuming the same redox condition at infinite dilution as that prevailing 
during the experiment. The mean of lnK’0 for Ge is 1.23 ± 0.29 and
calculated metal coefficients lnYG^et°at 1400°C = -4.49, 1450°C = -4.38,
1500°C = -4.27, 1600°C = -4.08 (Erdelyi et al., 1978). The resulting 
coefficients are several times higher than those measured directly (Table 
5). The same procedure, employed for Sn and Cu, where lnK’0 for Sn = 2.535
± 0.10, lnY5^t:o= 1.03 (Hultgren et al. , 1 973) and for Cu = 4.63 ± 0.15,
lnYcuto= 2.25 (Hultgren et al. , 1973), gives partition coefficients for both 
elements, which are virtually the same as the experimentally measured ones. 
This is to be expected, since the infinite dilution corrections based on the 
Fe-Sn, Fe-Cu metal activities are small for the iron-rich alloy compositions 
of this study. For comparison average metal/silicate partition coefficients 
based on 1600°C experiments, are listed in Table 6 for Ge, Sn and Cu.
w  sil /wmet  
^ F e '  A Fe
F igu re  3: InK’ v s .  Xpe /Xpe . There i s  no obvious  dependency of  the  modif ied  
e q u i l i b r i u m  c o n s t a n t  InK* on the  com pos i t ion  of  e i t h e r  th e  metal  or  
s i l i c a t e  phase fo r  a l l  t h r e e  e l em en t s .  Symbols a r e  t h e  same as in  
F ig u re  2.
3
1600 1500 1400
*
C
Metal Silicate 
Ge Runs O  •
oo
t
o
5.1 5.3 5.5 5.7
1/T(x104) K
5.9 6.1
F ig u re  4: lnK* vs .  1/T (x104) K f o r  t h e  G e-runs .  There i s  no obvious  
dependency of  lnK* wi th  v a ry ing  t e m p e ra t u r e .
Table 6: Average metal/silicate partition coefficients of Ge, Sn and Cu 
at 1600°C and log f02 near the Fe/FeO buffer
Element Partition coefficient
Ge 1680 ± 275
Sn 25 ± 4
Cu 25 ±' 2
4.6 Discussion
A principal objective of this thesis is to expand the knowledge of 
siderophile element geochemistry of the lunar and terrestrial mantles. The 
abundances of copper and germanium in the Earth’s upper mantle are quite 
well established (e.g. Ringwood, 1966; Sun, 1982). Normalized to magnesium 
(as an abundant, lithophile and relatively involatile element), copper and 
germanium are depleted in the Earth’s upper mantle compared to primordial C1 
chondrite abundances by a factor of 0.10 and 0.016 respectively (Sun, 1982). 
The corresponding abundance of tin in the upper mantle is estimated to be 
depleted by a factor of 0.04 (based on Sn/Eu = 1, Jochum et al., 1986).
The relative abundances of an involatile group of siderophile elements
in the terrestrial and lunar mantles have been extensively discussed by both
Ringwood and Kesson (1977), and Dreibus and Wänke (1979) from different
perspectives but with essentially concordant results. These authors all
concluded that this particular group of siderophiles possesses generally
similar abundances (e.g. within about a factor of two) in the lunar and
terrestrial mantles. Ringwood and Kesson (1977) based their conclusions on
a comparison of siderophile abundances in terrestrial oceanic tholeiites and
lunar low-Ti basalts. These authors pointed out, however, that copper and
germanium were relatively depleted in the lunar mantle by a factor of 8 and
300 respectively. They suggested that these depletions were primarily
caused by the higher volatilities of these elements (Table 1) as manifested
in the overall depletion of volatiles in the Moon as compared to the Earth. 
Using an analogous appproach based upon the data of Wolf and Anders (1980),
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i t  can be concluded t h a t  t h a t  t i n  i s  d e p l e t e d  in  th e  l u n a r  man t le  as 
compared to  the  t e r r e s t r i a l  mantle  by a f a c t o r  of 30. In view of the  
r e l a t i v e l y  h igh  v o l a t i l i t y  of  t i n ,  i t  seems p o s s i b l e  t h a t  i t s  r e l a t i v e  
d e p l e t i o n  in  th e  Moon may be a l s o  due t o  t h i s  f a c t o r .
This  h y p o th e s i s  can be t e s t e d  by comparing th e  r e l a t i v e  abundances  of 
t h e s e  e lements  in  l u n a r  and t e r r e s t r i a l  b a s a l t s  with  t h o s e  of  non- 
s i d e r o p h i l e  l i t h o p h i l e  e lements  p o s s e s s in g  s i m i l a r  v o l a t i l i t i e s .  C l e a r l y ,  
i f  a l i t h o p h i l e  element has been d e p l e t e d  in  t h e  Moon because  of  i t s  
v o l a t i l i t y ,  a co r respond ing  d e p l e t i o n  due t o  t h i s  f a c t o r  can be expec ted  f o r  
a s i d e r o p h i l e  element p o s s e s s in g  o th e rw i s e  s i m i l a r  v o l a t i l i t y .
The r e l a t i v e  v o l a t i l i t i e s  of  e lements  du r ing  c o n d en s a t io n  
/ v o l a t i l i z a t i o n  p ro ces s e s  in  the  s o l a r  nebula  can be c a l c u l a t e d  
therm odynamically  ( e . g .  Grossman and Lar im er ,  1974; Wasson, 1984).  Some 
r e l e v a n t  d a t a  a r e  given  in  Table  1. Thus, in  p r i n c i p l e ,  i t  shou ld  be 
p o s s i b l e  t o  e s t i m a t e  th e  abundances Ge, Sn and Cu in  " p r o t o - l u n a r  m a t e r i a l "  
by c o r r e c t i n g  them f o r  th e  l o s s e s  e x p e r i en ced  by th e  same cosmochemical 
p ro c e s s e s  based on v o l a t i l i t y ,  which were r e s p o n s i b l e  f o r  d e p l e t i o n  of  
v o l a t i l e  l i t h o p h i l e  e lements  in  th e  Moon. I t  shou ld  be r e c o g n i z e d  t h a t  
t h e r e  i s  a p o t e n t i a l  problem with  t h i s  approach,  s i n c e  thermodynamic 
c a l c u l a t i o n s  r e f e r  to  v o l a t i l i t i e s  in  a " p r im o r d i a l  s o l a r  nebula" 
c h a r a c t e r i z e d  by a H2/H20 r a t i o  of  2 500 and p r e s s u r e s  of 0 .10  -  100 GPa. 
The r e l a t i v e  v o l a t i l i t i e s  of many key e lements  may change s u b s t a n t i a l l y  as a 
f u n c t i o n  of  oxygen f u g a c i t y .  I t  i s  q u i t e  p o s s i b l e ,  even l i k e l y ,  t h a t  the  
oxygen f u g a c i t y  c o n d i t i o n  under which th e  E a r th  and Moon became d e p l e t e d  in  
v o l a t i l e s  d i f f e r e d  s t r o n g l y  from th o s e  used in  c a l c u l a t i o n s  r e l e v a n t  t o  th e  
s o l a r  n ebu la .  N e v e r th e l e s s ,  in  th e  absence  of  f u r t h e r  i n f o r m a t io n ,  i t  seems 
r e a s o n a b l e ,  as  a f i r s t  app rox im at ion ,  t o  make v o l a t i l i t y  c o r r e c t i o n s  on th e  
b a s i s  of s o l a r  nebula c o n d i t i o n s .  Condensa t ion  te m p e ra tu r e s  of  germanium, 
t i n  and copper a re  given in  Tab le 1 and compared wi th  th o s e  of  l i t h o p h i l e
e lements  po s se s s in g  s i m i l a r  v o l a t i l i t i e s . For r e a s o n s  which w i l l  become
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a p p a r e n t ,  d a t a  f o r  g a l l iu m  and a r s e n i c  and c o r r e s p o n d in g  l i t h o p h i l e  e lements  
a r e  a l s o  in c lu d e d .
The con d en sa t io n  te m p e ra tu r e  of  copper i s  i n  t h e  range  e x h i b i t e d  by th e  
a l k a l i  m e t a l s .  Na, K, Rb (Table  1 ) .  The l a t t e r  have been d e p l e t e d  i n  th e  
l u n a r  mantle  as compared t o  th e  E a r t h ’ s m an t le  by p r o c e s s e s  based on 
v o l a t i l i t y  by a f a c t o r  a v e ra g in g  0 .2  (Ringwood and Kesson,  1977).  I t  seems 
l i k e l y  t h a t  copper was d e p l e t e d  by a s i m i l a r  f a c t o r  and t h a t  t h e r e f o r e  i t s  
o r i g i n a l  abundance i n  p r o t o l u n a r  m a t e r i a l  was about  f i v e  t im es  h i g h e r .  This  
im p l ie s  t h a t  the  abundance of  copper i n  p r o t o - l u n a r  m a t e r i a l  was about  0 .5  
o f  i t s  abundance in  th e  E a r t h ’ s man t le  ( S e i f e r t  and Ringwood, 1987).
A s i m i l a r  approach can be used t o  e s t i m a t e  t h e  abundances  of  Sn and Ge 
in  p r e c u r s o r  lu n a r  m a t e r i a l  p r i o r  t o  v o l a t i l e  l o s s .  The con d en sa t io n  
t e m p e ra t u r e s  of  Sn and Ge l i e  between th o s e  o f  Na, C l ,  F and Zn. P r e s e n t -  
day M oon /E a r th ' s  m an t le  abundance r a t i o s  f o r  Cl and F a r e  n o t  as  well  known 
as t h o s e  f o r  Na and Zn. O v e r a l l ,  the  d a t a  s u g g e s t  t h a t  Sn and Ge have been 
d e p l e t e d  by a f a c t o r  of  about  20 owing t o  v o l a t i l i z a t i o n  from p r e c u r s o r  
l u n a r  m a t e r i a l .  Th is  im p l i e s  t h a t  the  abundance of  Sn i n  p r o t o l u n a r  m a t t e r  
was about  0.6 of  t h a t  of  in  th e  E a r t h ’ s m a n t l e .  The u n c e r t a i n t i e s  of  t h e s e  
e s t i m a t e s  amount a t  l e a s t  t o  a f a c t o r  of  two. Here i t  i s  concluded  t h a t  
w i th i n  th e  l i m i t  of u n c e r t a i n t i e s ,  the  abundance of  Cu or  Sn in  the  E a r t h ’ s 
man t le  and in  the  p r e c u r s o r  l u n a r  m a t e r i a l  were s i m i l a r  w i t h i n  about  a 
f a c t o r  of  two.
The s i t u a t i o n  w i th  germanium i s  f u n d a m e n ta l ly  d i f f e r e n t .  I t s  
co n d en s a t io n  te m p e ra tu r e  i s  a l s o  expec ted  t o  be between th o s e  of  Na, C l ,  F 
and Zn (Table 1) and t h e r e f o r e  t h e  d e p l e t i o n  f a c t o r  caused  by i t s  v o l a t i l i t y  
i s  expec ted  to  be in  the  v i c i n i t y  of  20. However, i t  i s  s p e c t a c u l a r l y  
d e p l e t e d  in  lu n a r  b a s a l t s  compared t o  t e r r e s t r i a l  b a s a l t s  by a f a c t o r  of  
about  300 (Ringwood and Kesson,  1 977; Wolf and Anders ,  1980).  I t  i s  not  
p o s s i b l e  t o  e x p la in  t h i s  enormous d e p l e t i o n  by v o l a t i l i t y .  Some o th e r  
f a c t o r  must be invo lved .  Th is  w i l l  be d i s c u s s e d  l a t e r  in  Chap te r  6.
4.6.1 Gallium and Arsenic
These elements were not studied experimentally in this thesis. 
However, there are sufficient data to show that their behaviour is coherent 
with those of Cu, Sn and Ge. Gallium is depleted in lunar low-Ti basalts as 
compared to terrestrial basalts by about a factor of 5 (Ringwood and Kesson, 
1977). Its volatility is in the range displayed by Na, K and Rb, which are 
depleted in the Moon as compared to the Earth's mantle by a factor of 5, 
owing to volatility. Thus, the abundance of gallium in proto-lunar material 
prior to the depletion process was quite similar to its abundance to the 
Earth's mantle. The partition coefficient of gallium between metallic iron 
and basaltic magma has been determined by Drake et al., 1984, Schmitt and 
Wänke, 1984 and Rammensee, 1978. All three studies employed the same 
experimental method, whereby the partitioning experiments were performed in 
a muffletube furnace at room pressure and the oxygen fugacity was controlled 
by a H2/C02 gas mix, close to the Fe/FeO buffer. The partition coefficient 
for Ga is quite small and ranges from 7~14 at 1300°C and log f02 between 
-12.0 and -12.6.
The behaviour of arsenic is quite different, and generally analogous to 
that of germanium. Arsenic is strongly depleted in lunar basalts as 
compared to terrestrial basalts by a factor of about 40 (Ringwood and 
Kesson, 1977; Palme and Rammensee, 1981). It has a relatively high
condensation temperature (Table 1) and its depletion due to volatility is 
expected to be between those of lithium (x2 depletion) and Cu and the other 
alkalis (x5 depletion). Here, the depletion of arsenic in the Moon which can 
be attributed to its volatility is quite modest, and probably in the 
vicinity of three. This is quite inadequate to explain its very strong 
depletion in lunar low-Ti basalts. There is no relevant direct data on the
partitioning of arsenic between metallic iron and terrestrial basaltic 
composition. However Klöck and Palme (1987) have measured the distribution
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of a r s e n i c  between c o e x i s t i n g  s u l f i d e  and m e ta l  phases  and s u l f i d e  and 
s i l i c a t e  phases  i n  t h e  Disko I s l a n d  b a s a l t s  (G reen land) .  The molten 
s u l f i d e / b a s a l t  l i q u i d  p a r t i t i o n  c o e f f i c i e n t  was 1230, and t h e  co r re s p o n d in g  
p a r t i t i o n  c o e f f i c i e n t  between s o l i d  me ta l  (FeNi)  and mol ten  s u l f i d e  was 12. 
I t  i s  e v i d e n t  t h a t  a r s e n i c  would be an e x t r e m e ly  s i d e r o p h i l e  element when 
p a r t i t i o n e d  between i r o n  and b a s a l t i c  magma a t  an oxygen f u g a c i t y  near  th e  
Fe-FeO b u f f e r .  A p r e l i m i n a r y  e s t i m a t e  of  th e  r e l e v a n t  m e t a l / s i l i c a t e  
p a r t i t i o n  c o e f f i c i e n t  based on th e  d a t a  of  Klöck and Palme (1987) i s  about  
1 .4 x104* This  h igh  p a r t i t i o n  c o e f f i c i e n t  s u g g e s t s  a very low a c t i v i t y  
c o e f f i c i e n t  f o r  a r s e n i c  when forming d i l u t e  s o l u t i o n s  in  i r o n ,  ana logous  to  
the  case  of  germanium.
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CHAPTER 5: Experimental Determination of Activity-composition Relations in 
Ni2Si0.*-Mg2Si04 and Co2Si04-Mg2Si04 Olivine solid solutions at 1200K and
0.1 MPa and 1573K and 0.5 GPa
5.1 Introduction
Ni2SiO., and Co2SiCU occur as minor components in the Mg-rich olivines of 
ultramafic nodules from the upper mantle, other peridotites, and many 
classes of meteorites. The cosmochemical significance of Ni and Co is a
result partly of their siderophile nature; for example the distribution of 
these two elements between olivine and metal can potentially place important 
constraints on our understanding of core-forming processes in planetary 
bodies. In addition their "compatible" behaviour (Ni and Co are among the 
few trace elements to partition preferentially into mafic minerals as 
compared to silicate liquids) means that their observed concentrations may 
be used to deduce much about the origin and subsequent fractionation of 
basaltic magmas. While there has indeed been much experimental work on the 
partitioning of Ni between magmas and Mg-rich olivine, a quantitative 
understanding of these processes requires not only accurate thermochemical 
data for Ni2Si04 and Co2SiCU, which is now available (O’Neill 1987b, Robie 
et al. 1984), but also a knowledge of the thermodynamics of mixing of these 
components in Mg-rich olivines.
Previously Campbell and Roeder (1968) have measured the activity- 
composition relations in Ni-Mg olivines at 1673K and 0.1 MPa using the 
reaction:
Ni2SiÜ4 t 2Ni + Si02 + 02 (1 )
However, measurements were limited to mole fractions of nickel in the 
olivine of greater than 0.18, as at lower Ni concentrations the olivine is 
no longer in equilibrium with Si02, but rather with Mg-rich pyroxene. 
Campbell and Roeder found small positive deviations from ideality, although
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Bish (1981) pointed out earlier that the large intracrystalline partitioning 
of Ni and Mg between the M1 and M2 sites of Ni-Mg olivines might be expected 
to cause substantial negative deviations from ideality. Such negative 
deviations could apply to Co-Mg olivines, as they too are highly ordered 
(Ghose and Wan, 1974). However, there is apparently no previous work on 
this system.
In the present study the activity-composition relations in Ni2SiCU- 
Mg2SiCK and Co2Si04-Mg2Si04 systems were determined through the partitioning 
of Ni and Mg and Co and Mg between olivine and a co-existing oxide phase, 
NiO-MgO or CoO-MgO. A special effort was made to cover as wide a range of 
compositions as is feasible with our experimental method, particularly for 
the Mg-rich end of the solutions. The results for Ni of this work overlap 
in composition with the studies on the partitioning of Ni between olivine 
and silicate liquids (e.g. Drake and Holloway, 1981; Hart and Davis, 1978) 
which have shown that Henry's Law is obeyed at moderately low 
concentrations; since the same appears to be true for Co (Takahashi, 1978) 
our results, with a small correction for the Fe2+ content, may therefore be 
applied to natural olivines.
5.2 Thermodynamic Background
The partitioning of cobalt or nickel and magnesium between olivine and 
oxide may be represented by the reaction:
Mg2SiO 4 + 2M0 t M2Si04 + 2MgO (2)
olivine oxide olivine oxide
where M stands for Ni or Co. At equilibrium the free energy of the 
partitioning reaction, AG°(p>T), is related to the equilibrium constant, K, 
by:
InK = — A G ° ( p  ,p)/8T (3)
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where K is given by :
(oOX )2 . aol
l^ lgO; M2SiOi (4)
(aM°0X) Mg2SiCU
aj_ refers to the activity of component i in phase p. For the oxide solution 
the activity may be related to the mole fraction by introducing activity 
coefficients such that :
■ C  • C
ux = ux # ux
^lg Mg Mg (5)
For the olivine solid solutions, since mixing of the cations occurs on 
two sites per formula unit, it is convenient to relate activities to the 
square of the mole fraction:
,olol (X
a°^ = (Xng2SiO4  ^ Mg T01)2Mg' (6)
Substituting equations (4), (5) and (6) into (3) and rearranging, one 
obtains:
0 = lnKD - ln(Y°Vr°^) - ln(Y°X/Y°g) - *AG°PjT)/RT 
where Kp, the distribution coefficient, is defined as:
(7)
*D
ol oxxM • xMg
ol oxxMg • xM (8)
In general the activity coefficients are expected to be a function not 
only of temperature and pressure but also of the composition of the 
solution. The simplest possible way to represent such compositional 
dependance for a binary solution between components i and j in phase p is 
through the regular solution Model, such that:
RTln YP = WP . (1-XP)2 i i-J i (9)
pwhere W^-j is known as the regular solution interaction parameter, and may 
here be taken to be dependent on temperature and pressure. Using this Model 
equation (7) may be rewritten:
o = in KD + W°?Mg(1-2X°X) - *AG°PjT) (10)
RT RT RT
Thus, provided of course that both solutions do obey the regular 
solution Model, regression analysis of compositional data for the coexisting 
olivine and oxide solutions at constant temperature and pressure may be used
to extract values for W^Mg, wM°-"Mg and aG°(P,T)* However, as noted by
Matsui and Nishizawa (197*0, equation (10) may be rearranged to give:
o - lnKD ♦ iAG^>T) - A W M .M R ( 2 x g X- 1 ) - 2 W ^ g (X°1 - X ^ X ) (11)
RT RT RT
where j = w0X - W°^M-Mg M-Mg M-Mg (12)
If X^ - does not vary much as a function of composition, or
OXalternatively is highly correlated with (2X^ -1), then the last term in
equation (11) will be poorly constrained in any regression analysis, and
therefore reliable results will only be obtainable for the difference in the
interaction parameters, AW^-Mg• This was found to be the case, for example,
in the analysis of the partitioning of Fe2+ and Mg between coexisting
olivine and garnet solutions performed by O ’Neill and Wood (1979). In the
study, presented here, this problem is in fact beautifully illustrated by
the experimental data on the Co-Mg system.
Fortunately, for both of the systems considered in this study, the Gibbs
free energy of the exchange reaction may be calculated quite accurately from
existing thermodynamic data. In addition there are several previous
determinations of the activity-composition relations in the oxide solutions.
With these additional constraints not only may the absolute value of the
regular solution interaction parameter for the olivine solutions be
determined unambiguously, but it may also be possible to use the
partitioning data to test whether a more complicated Model than that of a 
regular solution is appropriate. The regular solution Model corresponds to 
a description of the mixing properties of a solution in a power series
truncated at the (X^V term. Adding the next term (in (X^)3) produces the 
subregular Model (e.g. Grover ,1977), which will also be considered. For a 
binary solution this relates activities to mole fractions through the two 
equations:
RTlnyP = (1-xP)2(W^ }+ 2XP(W^2) - } )) 03)
and
RTlnyP = (x ^)2(W^2)+ 20-xij5) <W(P}- W ^ ) )  (14)
Therefore
RT lnyP/lnyP = } (3X^ -1 ) (X^-1 ) - W ^ X ^ 3X^-2) (15)
5.2.1 Gibbs Free Energies of the Exchange Reactions
The Gibbs free energy of the exchange reactions at one bar and the 
temperature of interest may be calculated by combining the Gibbs free energy 
of the reactions:
2 NiO + Si02(qz) t Ni2Si04 (16)
2 CoO + Si02(qz) t Co2Si04 (17)
2 MgO + Si02(qz) t Mg2SiCU (18)
Data for the first two reactions have been taken from the e.m.f. study
of O'Neill (1987b). The method used in that study is a highly accurate one,
and the probable errors in the free energies for both reactions is less than
± 200 J/g-atom. For the last reaction the entropy and heat capacity given
in Robie et al. (1982) was used in conjunction with the enthalpy of reaction
determined by Brousse et al. (1984) from oxide melt solution calorimetry.
The standard error for this enthalpy is ± 1.84 kj/g-atom, which therefore 
provides most of the uncertainty in the calculated free energy of the
exchange reaction. Apart from this, the value found by Brousse et al. is 
somewhat different from many of the previous determinations of the same 
enthalpy of reaction and therefore might be open to some question. However, 
this term is common to both the Co-Mg and Ni-Mg exchange reactions; 
consequently there is a possibility of not only testing the accuracy of, but 
also of perhaps narrowing the uncertainty in, the Brousse et al. 
determination of the enthalpy of reaction (18).
Combining these data gives for the Co-Mg system at 1200 and 1573K:
^ g °(0,1200)/120° r = 1 • 995 ± 0.07 
2 AG0(o,1573)/1573 R = 1.663 ± 0.07 
and for the Ni-Mg system at 1200 and 1573K:
2 AG°(o,1200)/1200 r = 2 *429 ± °-°7 
2 AG °(o,1573)/1200 R = 1-964 ± 0.07
Correction of the free energies at 1573K from 0.1 MPa to the pressure of 
the experiments, 0.5 GPa, was done through the relation:
AG(P,T)= AG(0,T)+ l iV(P,T)dP (,9)
taking the simplest approximation, namely:
IAV(P,T)dP - AV(0,298)AP (20)
Using the molar volume data listed in Brown (1982) gives for the Co-Mg system
'AG(0.5,1573)/1573R " 1'665 * °-°7
and for the Ni-Mg system:
'AG(0.5,1573)/1573R ■ 1'955 1 °-°7
Since these pressure corrections are in any case very small any error 
introduced through the approximation embodied in equation (20) is likely to
be negligible.
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5 . 2 . 2  A c t i v i t y - c o m p o s i t i o n  R e l a t i o n s  in  th e  NiO-MgO and CoO-MgO Systems
A c t i v i t y  c om pos i t ion  r e l a t i o n s  in  both  sys tems have been s t u d i e d  s e v e r a l  
t im es .  For th e  CoO-MgO system th e  e a r l i e s t  work, t h a t  of  Aukrust  and Muan
(1963)» which used a gas-mix ing  method,  showed id e a l  mixing;  a l l  the  
subsequen t  s t u d i e s ,  which have used  t h e  more a c c u r a t e  e . m . f .  method,  have 
su g g es ted  smal l  p o s i t i v e  d e v i a t i o n s  from i d e a l i t y .  Seetharaman and Abraham 
(1971) and Torkar  and I n s e l s b a c h e r  (1980) o b t a in e d  h ig h ly  c o n s i s t e n t  r e s u l t s  
which in  both  c a s e s  show an e x c e l l e n t  f i t  t o  a s imple  r e g u l a r  s o l u t i o n  Model
OXwith  WCo_Mg ( in  k j / g - a to m )  = 4 .10  ± 0 .60  a t  1273K and 4.44 ± 1.02 a t  1100K 
in  the  former s t u d y ,  and 4.86 a t  1300K in  the  l a t t e r .  We have t h e r e f o r e
OXs e l e c t e d  an average  va lue  of  WQ0_j^g = 4 .5  ± 0 .5  k j /g -a to m  independen t  of 
t e m p e ra tu re .  Th is  va lu e  i s  c o n s i s t e n t  w i th  th e  r e s u l t s  t h a t  Rigaud e t  a l . 
(1974) o b ta in e d  f o r  t h e i r  two com pos i t ions  n e a r e s t  the  middle  of  the  
com pos i t iona l  range  where measurements should  be most a c c u r a t e ;  the  o t h e r  
t h r e e  com pos i t ions  show c o n s i d e r a b l e  s c a t t e r .  Also Rigaud e t  a l . (1974)
found a smal l  d e c r e a s e  in  t h e  W param ete r  w i th  i n c r e a s i n g  t e m p e r a t u r e ,  
compared wi th  th e  smal l  i n c r e a s e  found by Torkar and I n s e l s b a c h e r  (1980).
The s i t u a t i o n  f o r  t h e  NiO-MgO system i s  somewhat more com pl ica ted .  Once
ag a in ,  the  e a r l i e s t  gas -m ix ing  work t h a t  of Hahn and Muan (1961) a t  1 373K
and 1573K found i d e a l  behav iour  w i t h i n  exper im en ta l  e r r o r ,  a l th o u g h  i t  i s  t o
be no ted  t h a t  most of  th e  d a t a  in  f a c t  su g g e s t  a smal l  p o s i t i v e  d e v i a t i o n
from i d e a l i t y .  L a t e r  work on th e  t e r n a r y  NiO-MgO-MnO (Hahn and Muan 1970)
s u p p o r t  t h i s .  However, a l s o  us ing  a gas-mixing  t e c h n iq u e ,  Evans and Muan
(1971) found smal l  but  s i g n i f i c a n t  n e g a t iv e  d e v i a t i o n s  from i d e a l i t y  a t
1673K, and some asymmetry such t h a t  a r e g u l a r  s o l u t i o n  Model would no t  be
a p p r o p r i a t e .  Of th e  e . m . f .  s t u d i e s ,  Seetharaman and Abraham (1968) found
f a i r l y  l a rg e  p o s i t i v e  d e v i a t i o n s ;  P e t o t  e t  a l . (1971) i d e a l i t y  (1013~1 473K)
and Paulsson  (1982) ve ry  smal l  p o s i t i v e  d e v i a t i o n s  (1000-1460K).  P a u l s s o n ’ s
d a ta  may be f i t t e d  t o  a r e g u l a r  s o l u t i o n  Model w i th  WMg_Ni = 0 .7  ± 0 .5  
kJ /g -a tom ,  a l though  s i n c e  on ly  t h r e e  com pos i t ions  were used ( X ^ q = 0 . 4 ,  0 . 5
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and 0.6) the regular solution Model may not in fact provide an accurate 
description over the entire composition range. The results of Shirane 
(1982) show very large negative deviations from ideality; so large and with 
such a great temperature variation, that they would seem to be highly 
improbable.
NUssler and Kubaschewski (1980) measured the heats of formation of 
NiO-MgO solid solutions at 973 and 1573K by direct reaction calorimetry. 
They found that the system was ideal within experimental uncertainty 
(actually, the results tend to show very small positive heats of mixing, 
consistent with Paulsson’s work). However Davies and Navrotsky (1981) 
obtained fairly large negative heats of mixing with oxide melt solution 
calorimetry at 970K. They also found the system to be asymmetric, but with 
the maximum deviation from ideality displaced towards the opposite end of 
the composition range to that found by Evans and Muan (1971).
In view of such disparate findings it was assumed that the NiO-MgO 
system is effectively ideal. However, it is to be noted that the most 
careful study would appear to be that of Paulsson (1982), which suggests 
very small positive deviations.
5.3 Experimental Procedures
The main difficulty encountered in this study was in obtaining 
homogenous, inclusion-free crystals that were large enough for accurate 
analysis by electron microprobe. Initial attempts to equilibrate 
M0-Mg0-Si02 oxide mixtures at one atmosphere failed utterly in this regard, 
the run products consisting of oxide crystals far too small (<1y) and 
olivine crystals of only marginally sufficient size (~5y) and, particularly 
in the Ni-containing system, full of oxide inclusions. Runs using 
pre-synthesized olivine was used mixed with oxides failed to produce any 
grain growth in the olivine. Therefore, in order to promote grain growth in
both phases the first series of experiments were conducted hydrothermally, 
in a conventional £" piston- cylinder apparatus. Most of these runs were of 
the synthesis type, in which the starting material was NiO or CoO, MgO and 
amorphous Si02*xH20, all of purity >99.9%. About 100 mg of the oxide 
mixture was loaded into a platinum capsule, and about 5 ml of concentrated 
aqueous solution of MgCl2, NiCl2 or CoCl2, as appropriate, added. The 
chloride solutions were near to saturation (167, 77 and 25^ g/litre 
hexahydrate of MgCl2, CoCl2 and NiCl2). The capsule was then sealed. The 
chloride solution proved to be most effective in promoting the growth of 
sufficiently large, inclusion-free crystals of both olivine and oxide. Runs 
were performed at 1573K and 0.5 GPa ~6 hours. All runs which were analyzed 
contained moisture after the run. The uncertainty in temperature, which was 
measured with a Pt/Pt90Rhi0 thermocouple, is reckoned to be ± 10K, without 
allowing for the effect of pressure on the e.m.f. of the thermocouple. The 
uncertainty in pressure is about ± 0.05 GPa. Since for both the Ni-Mg and 
Co-Mg systems the distribution coefficient is relatively insensitive to 
temperature and pressure such uncertainties should have a negligible effect 
on the results. One potential problem is the reduction of CoO and NiO to 
the metal and alloying with the platinum capsule. To minimize this, a 
molybdenum heater was used in the piston-cylinder pressure cell rather than 
the more conventional graphite, as this seems to provide an inert atmosphere 
that neither oxidizes nor reduces the experimental charge. The rest of the 
cell consisted of concentric tubes of talc surrounding pyrex, which enclosed 
the heater, with inserts made from pyrophyllite fired at 750°C. Runs were 
done using the "piston-in" method with a -10% correction for friction to the 
nominal pressure. In addition to the synthesis experiments two reversals 
were performed for each system using mixtures of MgO and pre-synthesized 
Co2Si0n or Ni2SiÜ4 , and NiO or CoO and Mg2Si04. The results from the
reversals show no significant differences from the synthesis experiments.
The high degree of ordering between the two divalent octahedral sites in
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both Ni2SiCU-Mg2Si04 and Co2Si04-Mg2SiCU olivines ( Bish, 1981; Rajamani et 
al., 1975; Ghose and Wan, 197*0 might mean that the activity-composition 
relations in these olivines vary substantially with temperature, and it was 
therefore felt desirable to attempt measurements at a significantly lower 
temperature than 1573K to check this possibility. However, the hydrothermal 
method described above failed to produce a large enough grain size for 
microprobe analysis at temperature below 1 473K. There is also the potential 
problem of the hydration of Ni-olivines to form Ni-talc at lower 
temperatures. Therefore a different method was adopted, using Na2WCU as a 
flux. Mixtures of MgO, CoO or NiO and Si02 in the ratio to produce 2 moles 
of olivine to 1 of oxide were prepared, and mixed with Na2WOi, in the 
proportion of 1 to H by weight. Some reversal experiments were also done, 
as before, by using pre-synthesized olivines. About 500 mg of material for 
each composition was loaded into a gold capsule, which was then crimped 
tightly closed but not sealed by welding. These capsules were tied around a 
Pt/Pt9oRhio thermocouple, contained in a stout alumina sheath, as near to 
the bead of the thermocouple as possible, and placed in the constant 
temperature zone of an induction-wound platinum furnace. They were then 
heated to 1200K, and held there for 60 days before quenching in air. This 
procedure produced for most compositions euhedral, almost inclusion-free 
crystals of olivine, (5~10y) and oxide (up to 10y) in a matrix of two 
glasses, one silica poor and one silica rich. Unfortunately in the Ni-rich 
portion of the Ni-Mg system the olivines were far too small for analysis.
The products of both sets of experiments were mounted in epoxy,
polished, and analyzed for Mg, Si, Ni and Co on a CAMECA Camebax model MB1
electron microprobe in the wavelength dispersive mode using diopside,
periclase and Co and Ni metal as standards. Points were selected for
analysis using a back-scattered electron image, which proved very successful
in avoiding any oxide inclusions in the olivines. For olivines only 
analyses which added up to a total between 98-102 vit% and which produced a
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s t o i c h i o m e t r y  of  2 moles (MgO+CoO or NiO) t o  0 .9 8 -1 .0 2  moles S i 0 2 were 
acc ep ted ;  f o r  th e  o x id e s  the  c r i t e r i a  were aga in  t h a t  th e  weight  p e r c e n t  
t o t a l  was i n  t h e  range  98-102, and t h a t  no S i 0 2 was d e t e c t a b l e .  For each 
a n a l y s i s  the  molar  r a t i o  N^g/N^ was c a l c u l a t e d ,  and th e  mean and s t a n d a r d  
d e v i a t i o n  of  t h i s  r a t i o  o b ta in e d  f o r  both phases  in  each r u n ,  u s in g  a t  l e a s t  
ten  s u c c e s s f u l  a n a l y s e s .  S ince X^g + = 1, X^g may be c a l c u l a t e d  from:
XMg = (NMg/NM)/(1  + NMg/NM) (21)
and the  s t a n d a r d  d e v i a t i o n  of  X^g from:
a(XMg) 2 = o(NMg/NM) 2 (9XMg/a (N Mg/NM) ) 2 (22)
where:
0XMg/9(NMg/NM) = 1/(1 + NMg/NM) (22a)
In the  absence  of  d i s s o l u t i o n  and growth p ro c e s s e s  th e  r a t e  of  
e q u i l i b r a t i o n  of  the  o l i v i n e  + oxide  m ix tu r e s  i s  presumably c o n t r o l l e d  by 
the  r a t e  of  d i f f u s i o n  of  the  c a t i o n s  in  e i t h e r  phase .  The s o l u t i o n  t o  
F i c k ’ s Second Law f o r  a sphe re  ( e . g .  Darken and Gurry ,  1953; p. M47) shows 
t h a t  e q u i l i b r i u m  i s  approached  i n  t ime t ,  when:
t  = £ r 2/D (23)
where r  i s  the  r a d i u s  of  the  s p h e re  and D i s  the  d i f f u s i o n  c o e f f i c i e n t .  
Values f o r  D given in  Morioka (1981) f o r  th e  d i f f u s i o n  of  Co and Ni in  pure 
Mg2S i 0 4 show t h a t  f o r  a sphe re  of  d iam ete r  10p, t  = 3 h r s  and 8 h r s  f o r  Co 
and Ni r e s p e c t i v e l y  a t  1573K, and e x t r a p o l a t i o n  of  the  d a t a  t o  1200K g iv e s  t  
= 220 days and 18 y e a r s .  S ince  d i f f u s i o n  r a t e s  a r e  somewhat f a s t e r  in  Co-Mg 
o l i v i n e s  and Ni-Mg o l i v i n e s  than  in  pure Mg2S i 0 4 , th e  d u r a t i o n  of  the  
p r e s e n t  exper im en ts  shou ld  be adequa te  t o  en s u re  d i f f u s i o n a l  e q u i l i b r i u m  in  
o l i v i n e s  excep t  f o r  th e  Ni-Mg system a t  1200K. D i f f u s i o n  r a t e s  f o r  th e  
ox ides  a r e  comparable or  f a s t e r  (d a ta  from F r e e r ,  1980).  Note a l s o  t h a t  in  
both s e t s  of exper im en t s  a f l u x  was used ,  and t h e r e f o r e  i t  i s  q u i t e  p o s s i b l e  
t h a t  the  t ime n e c e s s a r y  f o r  e q u i l i b r a t i o n  i s  c o n s id e r a b ly  reduced  by 
d i s s o l u t i o n  and growth p r o c e s s e s .
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5.4 Results
The experimentally determined compositions of the coexisting olivine and
oxide solutions are presented in Tables 1 to 4. The data for the two
systems at 1573K and 0.5 GPa are not only more extensive but are also more
precise than those at 1200K and 0.1 MPa , and will therefore be treated
first.
Table 1 : Compositions 
Mg0-Si02 at
of co-existing olivines and oxides in the system CoO- 
1573K and 0.5 GPa. All runs were of ~6 hrs. duration
olxMg °«Mg) XMg(calc)* oxxMg o(x£g) xSg(calc)*
0.971 0.001 0.970 0.876 0.004 0.879
0.960 0.005 0.957 0.827 0.005 0.828
0.955 0.007 0.953 0.81 3 0.011 0.81 4
0.954 0.01 1 0.950 0.802 0.006 0.802
0.951 0.009 0.954 0.81 7 0.005 0.817
0.898 0.01 4 0.896 0.621 0.01 2 0.622
0.893 0.006 0.892 0.61 1 0.003 0.611
0.859 0.004 0.863 0.532 0.002 0.532
0.857 0.01 3 0.857 0.519 0.008 0.519
0.71 6 0.007 0.728 0.300 0.004 0.297
0.703 0.01 6 0.708 0.278 0.01 1 0.276
0.573 0.010 0.554 0.153 0.003 0.156
0.562 0.01 7 0.551 0.153 0.005 0.155
0.386 0.010 0.392 0.089 0.004 0.086
0.346 0.004 0.346 0.072 0.002 0.072
0.104 0.008 0.104 0.01 7 0.001 0.01 7
Calculated assuming WQ0_Mg = 4500 J/g-atom, regular solution Model 
for Co2Si04~Mg2SiCU olivines.
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Table 2: Compositions of co-existing olivines and oxides in the system NiO- 
Mg0-Si02 at 1573K and 0.5 GPa. All runs were of ~6 hrs. duration.
*Mg °«Mg) X|S}g(calc)*
oxxMg o(xSg) xSg(calc)*
0.982 0.018 0.980 0.868 * 0.010 0.868
0.978 0.021 0.972 0.823 0.003 0.823
0.978 0.01 2 0.972 0.822 0.01 1 0.823
0.960 0.024 0.955 0.741 0.009 0.741
0.960 0.009 0.950 0.715 0.009 0.715
0.952 0.026 0.941 0.681 0.006 0.681
0.942 0.009 0.938 0.671 0.006 0.671
0.897 0.007 0.878 0.488 0.006 0.493
0.894 0.035 0.889 0.522 0.008 0.522
0.825 0.01 1 0.828 0.398 0.007 0.397
0.819 0.021 0.822 0.388 0.009 0.388
0.782 0.010 0.788 0.339 0.005 0.338
0.707 0.01 7 0.715 0.265 0.016 0.257
0.695 0.01 4 0.707 0.255 0.009 0.250
0.636 0.039 0.615 0.181 0.003 0.181
0.593 0.01 1 0.604 0.1 79 0.005 0.175
0.573 0.024 0.584 0.170 0.01 4 0.163
0.430 0.022 0.440 0.102 0.007 0.099
0.337 0.006 0.338 0.071 0.006 0.067
0.327 0.019 0.336 0.068 0.004 0.068
0.179 0.004 0.120 0.032 0.003 0.030
0.125 0.004 0.125 0.020 0.002 0.020
0.125- 0.004 0.122 0.018 0.001 0.015
0.099 0.005 0.096 0.01 4 0.001 0.01 5
Calculated assuming ideal solution in NiO-MgO, regular solution Model 
for Ni2Si04-Mg2Si0i+ olivines.
Table 3: Composition of co-existing olivines and oxides in the system CoO- 
Mg0-Si02 at 1200K and 0.1 MPa. The experiment was of 60 days 
duration. All starting mixtures contained Na2W04 as a flux.
Y01xMg °«Mg> oxxMg o(xSg)
0.976 0.001 0.81 0 0.006
0.966 0.002 0.787 0.005
0.918 0.008 0.597 0.011
0.884 0.004 0.490 0.003
0.586 0.008 0.131 0.004
0.454 0.009 0.072 0.004
0.361 0.008 0.054 0.003
0.143 0.004 0.015 0.001
Table 4: Composition of co-existing olivines and oxides in 
Mg0-Si02 at 1200K and 0.1 MPa. The experiment was 
duration. All starting mixtures contained Na2W0i*
the system NiO- 
of 60 days 
as a flux.
Y01xMg o(XMg) oxxMg o(xSg)
0.980 0.005 0.619 0.080
0.978 0.007 0.569 0.016
0.975 0.007 0.71 2 0.017
0.934 0.003 0.462 0.01 2
0.919 0.005 0.383 0.019
0.91 7 0.008 0.320 0.008
0.808 0.01 6 0.224 0.006
0.690 0.038 0.155 0.005
0.589 0.004 0.155 0.009
0.422 0.021 0.082 0.009
For each system four Models were chosen to describe the activity-
composition relations in the olivine and oxide solutions:
1 . Both olivine and oxide solutions regular, with both W parameters
unconstrained.
2. Olivine solutions regular, with the oxide solutions constrained to the
"best" values as extracted from the critical examination of the
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OX OXliterature (i.e. WQ0_Mg = 4500 J, W^i-Mg = 0 (ideal)).
3. Olivine solutions subregular, oxide solutions regular but unconstrained.
4. Olivine solutions subregular, oxide solutions constrained as in Model 2. 
Using each of these Models, the experimental data was subjected to a
non-linear least squares analysis (e.g. Kawasaki and Matsui, 1978, 1983)
with each datum weighted according to the standard deviation found from the 
microprobe analyses. The results are presented in Table 5. The last column 
of Table 5 shows the reduced x2 (i.e. x2/(N-n-1), where N = number of data, 
n - number of parameters determined in the regression, which is expected to 
be approximately unity (e.g. Bevington, 1969; pp. 187~189) if the Model is 
an adequate fit for the data.
Table 5: Results of the non-linear least squares analyses of the 
experimental results on the Co-Mg and Ni-Mg systems at 
1573 and 0.5 GPa
Model Fixed £a g°/rt Calculated values
Parameters 
(Wox/RT)
(expected)
£a g°/rt w°VRT W°2)/HT W0X/RT X 2 / ( N - n - 1 )
Co-Mg
regular 1.665±0.07 -1.699 0.034 0.276 0.85?! 0.344 n -1.655 0.105 — — — 0.89
subreg. — f! -1 .781 -0.194 0.075 0.096 0.73»1 0.344 n -1.661 0.112 0.064 — 0.95
Ni-Mg
regular — 1.955±0.07 -2.299 -0.284 — -0.538 0.38?! 0 ?! -1 .968 0.027 — — — 0.89
subreg. — — ?! -1 .937 0.311 -0.170 0.051 0.39?! 0 ?! -1 .968 0.264 -0.183 — 0.36
The results for the Co-system are unambiguous: if the regular solution Model 
is assumed for the olivine solution, there is no significant decrease in the
O Xfit if Wc0-Mg is constrained to the preferred value of 4500 J, and indeed 
the calculated value of ^AG/p^ i-s closer to the value expected from the 
available thermodynamic data, although in both Models the calculated A^G/p-p 
is well within the uncertainty limits of the expected with the subregular 
Model for the olivine solution, if Wq0—m g unconstrained the calculated
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2 AG/rt is somewhat outside the uncertainty limit of the expected, and the 
improvement in the fit is only marginal. The subregular Model with
OXconstrained WQ0_Mg provides no improvement in the fit at all over the 
regular (the reduced x2 actually increases). In any case it may be noted 
that the activity coefficient of Co2SiCU at low concentrations of Co, which 
is the compositional region of interest in natural systems, would be almost 
identical whether a symmetric or asymmetric Model were chosen. Therefore
Model 2 is the one preferred. W^o-Mg is found to be 1.37 kJ/g-atom, with 
an uncertainty from the regression of ± 0.41 kj/g-atom, which must 
however be increased to allow for the uncertainty in the constrained value
OXof Wq0_jvjg, which was deduced to be about ± 0.5 kj/g-atom. Trials using
OXdifferent values of WQ0-Mg showed that this parameter is almost exactly
correlated with Wc^L^g* ancl consequently it may be concluded that the most 
likely value of the uncertainty in the latter is ± 0.9 kJ/g-atom. The 
calculated value of ^AG/rT is 1*655 ± 0.018 kJ/g-atom, which is in complete 
agreement with the value expected from the thermodynamic data, 1 .665 ± 0.07 
kj/g-atom. As mentioned earlier, most of the uncertainty in the latter 
comes from the uncertainty in the enthalpy of formation of Mg2Si04 from the 
oxides, which was taken from the recent oxide melt solution calorimetry of 
Brousse et al. (1984), and which is somewhat different from many of the 
previous calorimetric values. Thus the present data for the Co-system not 
only confirm the value given by Brousse et al. (1984), but also suggest that 
this value is probably more accurate than indicated by than its quoted 
uncertainty. The best fit curve is compared with the experimental data in
OX OXFigure 1, and the calculated values of X^g and X^g for each datum are shown
alongside the experimentally observed values in Table 1.
For the Ni-system all Models produce an adequate fit to the data. If
the activity-composition relations in the oxide solution are not constrained 
to ideality, (i.e. Model 1) the calculated value of 2AG//RT is well removed
1200 K
P  2.0
1573 K
yOl
A Mg
Figure 1.: Experimental results for the Co0-Mg0-Si02 system at 1573K and
0.5 GPa (dots) and 1200K and 0.1 MPa (triangles), plotted as lnKp
vs. X^g. The continuous and the dashed curves are calculated for
OXthe subregular and the regular Models respectively, assuming Wq 0_ 
= ^500 J/g-atom.
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from the expected, which because of the evidence from the Co-system on the 
enthalpy of formation of Mg2Si0i,, is now even more tightly constrained.
For the present data on this system, with the regular solution Model
O Xassumed for olivine the correlation of £aG/rt with W^i-^g/RT is found to be
O Xvery high, and in order to obtain an adequate value of 2AG/RT> wNi-Mg must 
be ideal or very slightly positive, in agreement with the conclusion reached 
earlier from the appraisal of other work in the literature.
The subregular Models for the olivine solid solution produce a better
fit (noticeable decrease in the reduced \2 ). Three is no significant
decrease in the quality of the fit if the oxide solution is not constrained,
and furthermore the change in the calculated parameters between Models 3 and 
4 is very small. However, since the regular solution Model gave an adequate 
fit, (reduced y2<1)> a subregular fit may be overextending the data.
OXIf, assuming ideality in the NiO-MgO oxide solution (i.e. = 0),
the regular solution Model for olivine is adopted, W^-^g = 0.35 ± 1.0
OXkj/g-atom. Allowing for an error of ± 0.5 kj/g-atom in Wjji-Mg increases 
this uncertainty to ± 1.0 kJ/g-atom and hence the olivine solution ideal
within the experimental error. For the subregular Model as X^} •* 0, the
appropriate interaction parameter, is 3.^5 ± 0.9 kj/g-atom. Both Models
are compared to the experimental data in Figure 2. The calculated values of 
OX oxX^g and Xjojg for Model 2 are shown alongside the observed values in Table 2. 
To emphasize this fit is indeed a perfectly adequate one, note that of the 
*48 calculated compositions, *45 fall within one standard deviation of the 
observed ones.
Since for both systems, but especially the Ni-Mg one, the data at 1200K 
are not only fewer but also, more importantly, far less precise, a 
regression analysis has not been attempted, but instead the data have been 
used as a test of the parameters found from the 1573K experiments. Using the
Figure 2: Experimental results for the Ni0-Mg0-Si02 system at 1573K and
0.5 GPa (dots) and 1200K and 0.1 MPa (triangles), plotted as lnKp
vs. XjSjjg. The continuous and the dashed curves are calculated for 
the subregular and the regular Models respectively, assuming ideal 
solution in NiO-MgO.
133
v a lu es  of  £aG / c a l c u l a t e d  from the thermochemical  d a t a  f o r  r e a c t i o n s  (16) ,  
(17) and ( 18) ,  and assuming t h a t  the  i n t e r a c t i o n  param ete rs  found from the  
the  1573K d a t a  a r e  independent  of t e m p e ra tu r e ,  lnKp has been
c a l c u l a t e d  as a f u n c t i o n  of X^g. The r e s u l t s  a r e  compared t o  the  
e x p e r im en ta l  d a t a  in  F ig u re s  1 and 2. For th e  Co-Mg system the  agreement 
between c a l c u l a t e d  and observed va lues  i s  very good but f o r  th e  Ni-Mg system 
i t  i s  r a t h e r  poor .  Th is  does not  appear t o  be due t o  a f a i l u r e  of  the  
Model, bu t  r a t h e r  t o  th e  s c a t t e r  in h e re n t  i n  th e  d a t a .  I t  i s  no teworthy 
t h a t  f o r  t h e s e  exper im en ts  the  run t ime (60 days)  i s  n o t i c e a b l y  l e s s  than 
th e  c a l c u l a t e d  t im e ,  which i s  needed t o  reac h  e q u i l i b r i u m  through d i f f u s i o n  
in  the  o l i v i n e  (~18 y e a r s ) ;  t h e r e f o r e  the  p o s s i b i l i t y  must be face d  t h a t  
th o s e  e xpe r im en t s  have not  reached  e q u i l i b r i u m .  N e v e r th e l e s s ,  i t  i s  worth 
n o t i n g  t h a t  t h e r e  i s  no i n d i c a t i o n  in  t h e s e  d a t a  t h a t  a c t i v i t y - c o m p o s i t i o n  
r e l a t i o n s  i n  Ni-Mg o l i v i n e s  become n e g a t iv e  a t  lower t e m p e ra tu r e s ;  i f  
any th ing  t h e  r e v e r s e  i s  su g g es ted .
The a v a i l a b l e  ev idence  dem onst ra tes  t h a t  bo th  Co-Mg and Ni-Mg o l i v i n e s  
show sm al l  p o s i t i v e  exce ss  volumes of  mixing (Akimoto e t  a l . ,  1976).  The 
excess  volumes of mixing in  o l i v i n e  s o l i d  s o l u t i o n s  a r e  in  gene ra l  
c o r r e l a t e d  w i th  th e  c a t i o n  d i s t r i b u t i o n  (Lumpkin and Ribbe ,  1983) and a r e  
t h e r e f o r e  ex p ec ted  t o  be t em pera tu re  dependent .  For t h i s  reason  and s in c e  
the  l i k e l y  e f f e c t  would be almos t  n e g l i g i b l e  a t  0 .5  GPa, t h e s e  excess  molar  
volumes have n o t  been f u r t h e r  cons ide re d  in  t h i s  s tu d y .
5.5 D i s c u s s i o n
The e x p e r im e n ta l  r e s u l t s  of Campbell and Roeder (1968) f o r  th e  Ni-Mg 
system a g re e  very  w ell  w i th  p r e s e n t  work. S t a t i s t i c a l  a n a l y s i s  of t h e i r
d a t a  g iv e s  Wpji-Mg = 1. 49 ± 0 .8  kJ /g -a tom; a c l o s e r  i n s p e c t i o n  a l s o  shows
t h a t  any asymmetry,  i f  p r e s e n t ,  i s  in  an o p p o s i t e  s e n s e  t o  t h a t  i n f e r r e d  in  
the  above s e c t i o n  ( i . e .  t h e  d e v i a t i o n s  from i d e a l i t y  become l e s s  p o s i t i v e  as
^Ni ■* 0)* If this is taken into account, the regular solution Model for the 
Ni-Mg olivines must therefore be preferred.
For these results to be applied to natural systems some account must be 
made for the substitution Fe2+ for Mg in natural olivines. Extrapolation of 
the regular solution Model into the ternary system gives, if the ternary 
excess term is deemed to be negligible, (cf. Ganguly and Kennedy, 197-4):
RTlnYM = W^-Mg(X^g) +W^_pe(Xpe) +(wM-Mg+wM-Fe~wMg-Fe)*(XMgXpe) (24)
Activity-composition relations in the system Co2Si04-Fe2Si04 have been 
determined by Masse et al. (1966) at 1453K by equilibrating the olivine
solution with Co-Fe metal at known C02/C0 ratios. However, their results is 
subject to some additional uncertainty as the composition of the metal was 
not actually determined, but inferred from the the equilibrium constant for 
the exchange reaction. Furthermore, they assumed ideality in the Co-Fe 
alloy. The activities have been calculated from their experimental results 
using the recent activity data for the alloy obtained by Rammensee and
Fraser (1981): fitting to the regular solution Model gives WQo-Fe = 3-0 ±
1.8 kJ/g-atom, which is therefore identical to our results for Wc^i-Mg within 
the experimental error. If the simplifying approximation is in fact made 
that the interaction parameters are indeed identical in the Co-Mg and Co-Fe 
olivine solutions, then equation (24) reduces to:
RTlnygi - W ^ - Mg (xSg ♦ Xpg)2 - w£g-Fe X ^ X ^  (25)
There are no data on the activities in the Ni2Si04~Fe2Si04 system. 
Hence, as a working approximation we suggest that, by analogy with the Co­
system. WjJjLpe be taken to be equal to and therefore, that the
relationship of equation (25) be used. If, as in most of the envisaged
applications (e.g. Chapter 1), Xp^ is comparitively small, this
approximation should not introduce substantial errors.
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Finally, it may be noted that the small positive deviations from ideal 
two-site mixing found in this study for both Co-Mg and Ni-Mg olivine solid 
solutions are very different from the substantial negative deviations 
suggested by Bish (1981) from a simple thermodynamic Model of the 
intracrystalline cation partitioning. In this regard the properties of the 
olivine solid solutions would seem to be very similar to Mg2Si606-Fe2Si206 
orthopyroxenes - see Sack (1980) for an extensive discussion on various
alternative Models.
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CHAPTER 6: Conclusion
The abundance patterns of siderophile elements in the Earth's mantle 
have been discussed extensively by Ringwood (1966, 198-4) , Ringwood and 
Kesson (1977), Newsom and Palme (1984), Chou et al. (1983), Sun (1982), 
Morgan et al. (1981), and Wänke (1981). Estimated abundances of siderophile 
elements in the Earth's mantle are plotted against their metal/silicate 
distribution coefficients in Figure 1.
Except for the elements with metal/silicate distribution coefficients 
near unity (Cr, V) and for elements possessing very large distribution 
coefficients in the vicinity of 1 05 — 1 06 (Au, Ir, Os, Pt, Re), there is no 
obvious relationship between abundances of siderophile elements in the 
mantle and their metal/silicate partition coefficients. Within this 
intermediate group, siderophile behaviour increases in the sequence Fe, Ga, 
Cu, Sn, W, P, Co, Ni, Ge, Mo and As, with a range of metal/silicate 
partition coefficients varying from about 7 to 10**. These elements are 
depleted in the Earth's mantle as compared to C1 chondrites on an 
Mg-normalized basis by a factor varying between 0.01 and 0.16. These 
depletions have evidently been caused primarily by their preferential entry 
into the Earth's metallic core, because of their siderophile nature. In the 
cases of tin and germanium, part of the depletions might also have been 
caused by their volatilities prior to or during the Earth's accretion.
Within this group, not only is there no obvious relationship between 
depletion factors and metal/silicate partition coefficients, but many of 
these elements, e.g. Cu, P, Co, Ni, Ge, Mo and As are grossly overabundant 
in the Earth's mantle as compared to their exspected distribution between 
the Earth's core and mantle based upon experimentally measured metal 
/silicate distribution coefficients.
Ringwood and Kesson (1977) and Ringwood (1986) have pointed out that 
this complex distribution pattern is probably the result of several distinct
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F igu re  1: D e p l e t i o n f a c t o r s  (no rm al ized  t o  Mg) o f  s i d e r o p h i l e  e l em en ts  in  t h e  
E a r t h ' s  man t le  v e r s u s  t h e i r  m e t a l / s i l i c a t e  p a r t i t i o n  c o e f f i c i e n t s .  
Abundance d a t a  f o r  s i d e r o p h i l e  e l em en ts  a re  from f o l l o w i n g  s o u rc e s :  
V, Cr,  Fe,  Ga, Cu, Co, Ni,  Ge, and As (Sun, 1982); W, P, and Mo 
(Newsom and Palme, 198^);  Au, I r ,  0 s ,  Re, and Pt  (Chou e t  a l . ,  
1983).  M e t a l / s i l i c a t e  p a r t i t i o n  c o e f f i c i e n t s  of  V and Cr (Rammensee 
and WSnke, 1983); Ga (Drake e t  a l . ,  1983); Co, Ni (Chap ter  1); Cu, 
Sn, and Ge (Chapter  4) ;  W (Rammensee and Wänke, 1977) ,  Mo, Au, and 
Re (Rammensee, 1978); P (Newsom and Drake,  1983); As ( c a l c ,  from 
Klöck and Palme, 1987).
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processes which occured during the formation of the Earth's core (which 
amounts to about 32 percent of the Earth's mass). These processes are still 
poorly understood. It seems likely that metal/silicate partition 
coefficients strongly affected by the very high pressures (up to 1400 GPa) 
and very high temperatures (up to 5000°C) under which core formation occured 
in the Earth. Moreover, the partition coefficients were doubtless affected 
by the presence of about 10 percent of light elements in the core, probably 
consisting mainly of oxygen (Ringwood, 1984). Finally, it is widely 
believed that siderophile abundance patterns have been influenced by the 
physical mixing in the mantle of an oxidized nebula condensate under 
conditions which did not permit equilibriation with the metallic iron phase 
which was segregating to form the core (e.g. Wänke and Dreibus, 1982).
In view of the complexity of the core-forming process in a planetary 
body and the multiplicity of processes involved, it seems likely that the 
siderophile signature of the Earth's mantle is unique to the Earth (Ringwood
and Kesson, 1977). The conclusion is supported by the studies of the
siderophile geochemistry of eucrites (from the eucrite parent body)
(Ringwood, 1986) and of shergottites, believed to be derived from Mars
(Dreibus and Wänke, 1984). The siderophile signature of these samples 
differ quite dramatically from that of the Earth and between themselves.
In the light of these conclusions, it is interesting to study the 
siderophile signature of the Moon. Ringwood and Kesson (1977) compared the 
abundances a particular group, including Fe, Co, Ni, W. P, S and Se in 
terrestrial and low-Ti lunar basalts and concluded that their average 
concentration were similar within a factor of about two. Pointing to the 
unique factors responsible for the siderophile signature of the terrestrial 
mantle and its derived basalts, they concluded that "the similarity in 
siderophile elements between the Moon and Earth's mantle therefore implies 
that the Moon was derived from the Earth's mantle after the Earth's core had
segregated". Delano and Ringwood (1978a,b) made a parallel study of the
siderophile chemistry of lunar highland breccias, after applying corrections 
for meteorite contamination. They found that the indigenous siderophile 
signature in the lunar highlands closely resembled that of the low-Ti mare 
basalts and terrestrial basalts, thereby reinforcing the previous 
conclusion.
Dreibus et al. (1976) and Rammensee and Wänke (1977) independently 
arrived at very similar conclusions based on detailed studies of the 
geochemical behaviour of W and P in terrestrial rocks and in lunar highland 
rocks and basalts. Wänke et al. (1978, 1979); Wänke and Dreibus (1982, 
1986) also drew attention to the genetic significance of similar Cr and V 
abundances in the Moon and in the Earth's mantle. As discussed in Chapter 3, 
these elements are significantly depleted in the mantle, primarily because 
of their partial entry into the earth's core. These authors also recognized 
that another group of highly siderophile elements including Re and Au were 
highly depleted in the Moon as compared to the Earth's mantle owing to 
selective segregation of a small metallic core within the Moon. Newsom 
(1986) showed that Mo was similarly depleted in the Moon and attributed this 
to segregation in the lunar core.
Several authors have compared the lunar and terrestrial siderophile 
pattern by plotting abundance ratios of given siderophile elements in the 
Moon and Earth's mantle versus their metal/silicate partition coefficients 
(e.g. Drake, 1983; Newsom, 1984; Wänke and Dreibus, 1986). The most 
comprehensive attempt in this direction was by Ringwood (1986).
A primary objective of this Thesis has been to obtain improved values of 
metal/silicate partition coefficients for a group of siderophile elements 
(Ni, Co, Ge, Sn, . Cu) and also to extend understanding of the lunar and 
terrestrial geochemistry of these elements and also of Cr and V. The data 
and conclusions reached in previous Chapters will make it possible to 
represent an updated version of Ringwood's (1986) diagram, containing new
and improved data.
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Siderophile element abundance ratios in the Earth’s mantle and Moon are 
plotted against metal/silicate partition coefficients in Figure 2, using 
Ringwood's (1986) data set, combined with new data obtained in earlier 
Chapters of this Thesis. In the cases of Ge, Sn, Cu, Ga, and As, 
corrections have been made for losses by volatilization during formation of 
the Moon. Thus, the abundance ratios for these elements (indicated by 
asteriks) refer to protolunar material.
In Figure 2, it is seen that the abundances of elements less siderophile
than nickel (Mn, V, Cr, Fe, Ga*, Cu*, Sn*, W, Co, P, S, Se) are similar
within a factor of two in the Earth' s mantle and in the Moon (or in
proto-lunar material). Elements more siderophilic than nickel, (Ge*, Mo, 
As*, Re, Au) are depleted to degrees which correspond quite well with their 
metal/silicate partition coefficients. Nickel presents an interesting case, 
as discussed in Chapter 2. It is depleted by a factor of about 3.5 in the 
source regions of mare basalts but is present in terrestrial abundance in 
the inferred komatiite component of the lunar highlands at the Apollo 16 
landing site.
Figure 2 provides a striking illustration of the close relationship 
between the abundances of siderophiles in the Earth’s mantle and Moon and 
reinforces the conclusions of Ringwood (1986). The moderately siderophile 
elements in the Moon are clearly ’’Earthlike". Although the highly 
siderophile elements are considerably depleted in the Moon compared to the 
Earth, this can be readily explained by segregation of a small amount (e.g. 
~]%) of a Ni-rich metal phase to form a lunar core as discussed in Chapter 
2.
The expanded -data-set shown in Figure 2 provide further definitive 
evidence that a large part of the material now in the Moon was derived, 
ultimately, from the terrestrial mantle after the Earth's core had
segregated.
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Figure 2: Moon/Earth's mantle abundance ratios of siderophile elements
versus their metal/silcate partition coefficients. Data sources for 
the Moon/Earth’s mantle abundance ratios: V, Cr, Fe, Co, and Ni 
(Ringwood et al., 1987); Ga, Cu, S, Se, As, Au, and Re (Ringwood and 
Kesson, 1977); Sn and Ge (Wolf and Anders, 1980); Mo and W (Newsom, 
1986); P (Wänke et al., 1983). Note Ga, Cu, Sn, and Ge have been 
corrected for volatility according to Seifert and Ringwood (1987). 
Data sources for metal/silicate partition coefficients see Figure 
1. Se and S partition coefficients are taken from Ringwood (1986).
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